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A COMPUTER MODEL FOR PHOSPHATE PRECIPITATION 

WITH ALUM AND FERRIC CHLORIDE 

OBJECTIVES 

The objectives of t h i s study were to develop, test and u t i l i z e an . 

empirical chemical equilibrium model to predict the chemical doses 

( f e r r i c chloride or alum) required to achieve a given dissolved 

orthophosphate (ortho-P) residual in simultaneous precipitation 

processes for a range of influent dissolved ortho-P, to t a l a l k a l i n i t y 

and pH values. 

NEED FOR STUDY 

The removal of phosphate to low levels ( i n the range 0.2 - 2 mg total 

P/1) i s an effluent c r i t e r i o n for waste treatment plants in several 

regions of the United States (e.g.. Great Lakes Basin, Chesapeake Bay, 

Fl o r i d a ) . With the ty p i c a l ranges of waste c h a r a c t e r i s t i c s for USA 

municipal wastewaters, the conventional secondary treatment 

combination of primary sedimentation and biological treatment 

(activated sludge or t r i c k l i n g f i l t e r s ) cannot be counted upon to 

achieve P residuals in t h i s range. Two general methods are u t i l i z e d 

to achieve these residual levels — chemical precipitation of 

phosphate and enhanced biological phosphorus removal. This study 

addresses the use of chemical precipitation to achieve lower P 

residuals. Phosphate precipitating agents u t i l i z e d in waste treatment 

commonly are s a l t s of iron ( f e r r i c and ferrous chlorides and 



s u l f a t e s ) , aluminum (alum) and calcium ( l i m e ) . The most widely used 

in the USA are iron and aluminum s a l t s , possibly because they are 

eff e c t i v e at pH values consistent with t h e i r application 

simultaneously into biological secondary treatment process units such 

as activated sludge aeration basins. I t i s the use of such materials 

in the simultaneous precipitation mode that w i l l be addressed in t h i s 

study, although the model developed i s equally applicable to phosphate 

precipitation in primary treatment or t e r t i a r y treatment processes. 

One of the sources of phosphate in municipal wastewater i s detergent 

products containing polyphosphate-based additives ( b u i l d e r s ) . The 

contribution of detergent phosphate to the to t a l phosphate content of 

municipal wastewater has been variously estimated. Booman (1984) has 

given the value of 0.4 kg P/capita year as the detergent P 

contribution to a to t a l domestic sewage P content of 1.4 kg P/capita 

year. 

In view of the " i d e n t i f i a b l e " and "controllable" nature of the 

detergent P contribution to wastewater, much a c t i v i t y has been devoted 

to ban or reduce the amounts of P in detergents. One of the 

rationales for such actions i s that i f a wastewater treatment plant 

must u t i l i z e chemicals to achieve i t s effluent P r e s i d u a l r e d u c i n g 

the influent P w i l l reduce the chemical dose required and the mass and 

volume of sludge to be treated. The magnitude of these reductions has 

been a topic of discussion for many years. I t was the major objective 

of t h i s study to provide a rapid and rational method for estimating 

chemical doses to achieve a desired P residual based on sound 

principles and operationally derived chemical equilibrium data. 
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APPROACH TO PROBLEM 

The problem was approached by a review of the l i t e r a t u r e to select a 

model that was rational and s u f f i c i e n t l y comprehensive to allow i t s 

application to a wide range of conditions of waste c h a r a c t e r i s t i c s , P 

residuals and chemical doses. The model selected was that of Ferguson 

and King (1977). Additional input was obtained from Ferguson (1972). 

NATURE OF THE MODEL 

The Ferguson and King (1977) model i s divided into two general parts: 

1. The model calculates the pH of the wastewater after the precipitant 

dose has been added. 

2. The model calculates the P residual under one of three chemical 

cases, which are int e r n a l l y v e r i f i e d during the model calculations. 

These are: 

a. No precipitate I n s u f f i c i e n t alum has been added to precipitate 

aluminum phosphate; the addition of alum changes the pH. 

b. One precipitate Only aluminum phosphate precipitates. In t h i s 

regime the removal of P can be determined by stoichiometry (at low 

alum doses) or by the s o l u b i l i t y product of aluminum phosphate (at 

higher alum doses). 

I 
-3-



c. Two precipitates Both aluminum phosphate and aluminum hydroxide 

precipitate. The P residual i s determined by e q u i l i b r i a between 

the s o l i d s . 

Assumptions that are made in the use of the model and in the values of 

the input terms include: 

1. Equilibrium as described by the stated equilibrium constants i s 

achieved. Kinetics are not considered. However, since many of the 

equilibrium constants (especially those describing heterogenous 

reactions) are based on operational data most l i k e l y with amorphous 

rather than c r y s t a l l i n e s o l i d s , k i n e t i c s may well be t a c i t l y included. 

2. The systems are assumed to be closed to the atmosphere with 

respect to exchange of CÔ . 

3. Mixing of chemicals i s assumed excellent and the same from case to 

case. 

4. The models apply only to the precipitation of dissolved ortho-P. 

The removals of influent particulate P are not considered. Dissolved 

condensed P i s assumed not to be present. This i s j u s t i f i e d on the 

basis that the models are applied to simultaneous precipitation and 

that the biological treatment system has had the opportunity to 

hydrolyze the condensed P to ortho-P. 

5. The model does not predict biological uptake of P by the organisms 

in secondary treatment processes. In simultaneous precipitation 



processes the biological uptake of P i s assumed to take place before 

the removal of P by chemical precipitation. Because of these 

assumptions i t was necessary to generate a range of values of soluble 

ortho-P which might be ty p i c a l of those influent to the precipitation 

process. This was done as follows: 

• Assume 3 values of per capita sewage volume (100, 150 and 200 

gal/cap.- day). 

• Assume per capita BOD̂  (BOD) contribution = 80 g/cap.-day. 

f Assume total per capita P contribution = 1.4 kg/cap.-year 

= 3.84 g/cap.-day. 

• Assume detergent P contribution = 0.4 kg/cap.-year 

= 1.1 g/cap.-day. 

• Assume BODg removal by primary sedimentation = 35%. 

t Assume total P removal by primary sedimentation = 10%. 

f Assume activated sludge production = 0.65 kg TSS/kg BODg removed. 

• Assume activated sludge P content = 2% of TSS. 

Then (for example) for a 100 gal/cap.-day sewage flows, and with no 

detergent P ban: 

Raw sewage BODg concentration (mg /1 ) = 

80 g BOD 1000 mg aal cap.-day . 
cap.-day ^ g ^3.785 1 ̂  100 gal " ^^^^ 

Primary effluent BODg (mg /1 ) = 211 - (211 x 0.35) = 137 mg/1 

Raw sewage total P concentration (mg / 1 ) : 

3>84 q P 2lL y cap.-day ^-.n ̂ .p,. 
cap.-day ^ 3T785 1 ^ 100 gal "^^P/l 

Primary effluent tot a l P (mg /1 ) = 10.1 - (10.1 x 0.10) = 9.1 mg P /1 



P removal by activated sludge = 

137 mg BOD ^ 0.65 mg TSS 0.02 mg P ^ „ p,. 
1 ^ mg BOD ^ mg TSS "-̂ -̂  

Therefore P available for chemical removal = 9.1 - 1.8 = 7.3 mg P / 1 . 

Results of the calculations for each of the cases considered are 

presented in Table 1. From these calculations i t was decided to use 

the "No detergent P ban"/"Detergent P ban" influent soluble ortho-P 

pairs of values of 7 and 5 mg P / 1 , 5 and 3 mg P / 1 , and 4.0 and 2.5 mg 

P / 1 . 

6. The P residuals considered (and predicted) by the model are 

soluble ortho-P residuals. I t should be recognized that effluent 

standards usually are stated in terms of to t a l P concentration and 

include particulate P. This i s not predicted by the model but must be 

estimated separately from a knowledge of the effluent suspended solids 

concentration and the P content of the suspended s o l i d s . Typical 

values of effluent t o t a l P standards are 0.2, 0.3, 0.5, 1.0 and 2 mg 

P / 1 . Table 2 gives the soluble ortho-P concentration that would have 

to be achieved at various effluent suspended solids concentrations in 

order to meet these effluent t o t a l P standards. The suspended solids 

are assumed to contain 2% P. On the basis of Table 2 i t would seem 

pertinent to consider chemical doses required to produce soluble 

ortho-P residuals of 0.1, 0.3, 0.5, and 1.5 mg P /1 to cover the range 

of int e r e s t . For the sake of completeness and to provide for an 

evenly distributed data output, soluble ortho-P residuals of 0.8 and 

1.1 mg P /1 also were considered. 



TABLE 1 Development of I n i t i a l Soluble Orthophosphate 
for "No Detergent Ban" and "Detergent P Ban" Situations 

Sewage Raw Primary No Detergent Ban Detergent Ban 
Volume BOD- BODj. Raw Primary P after Raw Primary P after 

gal/cap- b b p p ^ i o l . P P b i o l . 
day mg/1 mg/1 mg/1 mg/1 treat+ mg/1 mg/1 treat+ 

mg/1 mg/1 

100 211 137 10.1 9.1 7.3 7.2 6.5 4.7 

150 140 91 6.8 6.1 4.9 4.9 4.4 3.1 

200 106 69 5.1 4.6 3.7 3.6 3.3 2.4 



TABLE 2. Soluble Ortho-P Concentrations Required to Meet Various 

^ Effluent Total P Requirements at Various Effluent 

Suspended Solids Concentrations (Effluent SS = 2% P) 

Total 

Phosphate 

(mg P / 1 ) 

Effluent 

Suspended 

Solids 

(mg /1 ) 

Phosphate 

in 

Suspended 

Solids 

(mg /1 ) 

Required 

Soluble 

Orthophosphate 

(mg P / 1 ) 

0.2 5 0.1 0.1 

0.3 5 0.1 0.2 

0.3 10 0.2 0.1 

0.5 5 0.1 0.4 

0.5 10 0.2 0.3 

0.5 20 0.4 0.1 

1.0 20 0.4 0.6 

1.0 30 0.6 0.4 

2.0 20 0.4 1.6 

2.0 30 0.6 1.4 
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7. Input values for i n i t i a l wastewater to t a l a l k a l i n i t y were 100, 200 

and 300 mg as CaCO^/l — a range that covers most wastewaters. 

Si m i l a r l y , the chosen i n i t i a l wastewater pH values of 7.0 and 7.5 are 

typical of the range of values found in practice for primary domestic 

wastewater eff l u e n t s . 

8. Wastewater total a l k a l i n i t y i s an input variable in the model. 

One of the potential poly-P replacements in detergents i s sodium 

carbonate (washing soda). The effect on the wastewater t o t a l 

a l k a l i n i t y of replacing detergent poly-P with sodium carbonate was 

found to be negligible using the following rationale (and using 

"rounded" numbers for i l l u s t r a t i o n ) : 

a. Assume total wastewater a l k a l i n i t y = 100 mg CaC03/l. This i s a 

low a l k a l i n i t y for a wastewater so that the effect s on a l k a l i n i t y 

are maximized. The to t a l a l k a l i n i t y includes contributions from 

the carbonate system and from phosphates. 

b. Assume influent P concentration = 7 mg P/1 (1.36 kg /cap.-yr. at 

waste flow of 150 gal/cap.-day). 

c. Assume detergent P = 2 mg P/1 (0.4 kg P/cap.-yr. at waste flow of 

150 gal/cap.-day) 

d. Assume 100% Na2C02 replacement of detergent P, resulting in a 

detergent that contains 20% ^^2^0^ and contributes 1.3 kg 

Na2C03/cap.-yr. 

-9-



Total a l k a l i n i t y = 100 mg CaCO^/l = 2 meq/1 

Detergent phosphate a l k a l i n i t y = 2 mg P /1 x 2 meq 1 mM 
"mM ^ 31 mg P 

= 0.13 meq/1 
Therefore, carbonate system a l k a l i n i t y = 2 - 0.13 = 1.87 meq/1 

Detergent carbonate concentration =1.3 kg/cap.-yr. at 150 

gal/cap.-day 

Detergent carbonate a l k a l i n i t y = 

^ ^ I T ̂  i f e tog ' " - i " - ' / I 

So tota l a l k a l i n i t y = 1.87 + 0.123 = 1.993, or approx. 2.0 meq/1 

= 100 mg CaC03/l 

Thus, even i f Nâ CÔ  were to f u l l y replace detergent P, there would be 

no s i g n i f i c a n t change in the to t a l a l k a l i n i t y of the wastewater. 

Further, since the detergent P contributes an a l k a l i n i t y of only 0.13 

meq/1 or 6.5 mg CaCO^/l, p a r t i a l (50% replacement) or excess (150% 

replacement) of detergent P a l k a l i n i t y by Ha2'^0^ a l k a l i n i t y would only 

change the a l k a l i n i t y by approximately 3-4 mg CaCO^/l. Again, even at 

a low a l k a l i n i t y (100 mg CaCO^/l) t h i s change i s negligible. 

DEVELOPMENT OF THE MODEL 

Several modifications (and corrections) were made in the model 

calculations presented in the Ferguson (1972) paper and the Ferguson & 

King (1977) a r t i c l e . A description of the f i n a l model calculations 
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and the program flowsheet i s presented in Appendix I . A program 

l i s t i n g and a disk containing the model calculations in FORTH also i s 

appended (Appendix I I ) . The FORTH programming language was used 

because i t s speed and compactness make i t suited for microcomputers. 

The model was developed in as general a form as possible, to increase 

i t s f l e x i b i l i t y . The stoichiometry of the aluminum phosphate or 

f e r r i c phosphate precipitate can be varied. In the Ferguson and King 

(1977) model, the aluminum phosphate solid stoichiometry was 

Al^ ^PO^{OH)b^ 2 ( s ) with a s o l u b i l i t y product of K̂ ^ = 10"^^ — a value 

that produced agreement between model predictions and laboratory j a r 

test and p i l o t plant r e s u l t s for P res i d u a l . In the data presented in 

t h i s report, the stoichiometry of Al^^ gPO^(OH)^ ^^^^ i s used, since 

t h i s appeared to provide a reasonable agreement with available f i e l d 

scale and p i l o t scale data on simultaneous precipitation/biological 

treatment. The stoichiometry chosen for the work with f e r r i c 

phosphate precipitation was Fê ^ 2'̂ 4̂̂ '̂̂ 0̂ 6 ( s ) * ^̂ "̂ ^ value, and the 

associated s o l u b i l i t y product of K̂ ^ = 10"^^*^ was chosen so that the 

predicted data would f i t the observations of Recht and Ghassemi 

(1970). Again, as noted for the aluminum phosphate model, t h i s 

stoichiometry can be varied. 

The Ferguson and King (1977) model was found to contain a 

discontinuity in the P residual calculation section between the one 

precipitate and two precipitate cases. Because the formation of one 

precipitate — the metal phosphate — at doses of metal ion less than 

the stoichiometric requirement i s an experimentally observed 

phenomenon, i t was decided to handle the calculation discontinuity by 
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manual extrapolation across the boundary between the two cases. 

A typical example of t h i s extrapolation technique i s presented in 

Figure 1. In general, the extent of extrapolation required was 

greater for any given set of conditions for f e r r i c phosphate 

precipitation by f e r r i c chloride than for aluminum phosphate 

precipitation using alum (Figures 1 and 2 ) . 

The degree of extrapolation required also increased with increasing 

i n i t i a l pH and a l k a l i n i t y , and with decreasing i n i t i a l phosphate. In 

the Ferguson & King (1977) paper, only two cases were used to 

determine how the model behaved for alum these were a very low 

a l k a l i n i t y (75 mg as CaCO^/l) and a very high a l k a l i n i t y (400 mg as 

CaCO^/l). Both of the cases used the rather high pH (for simultaneous 

precipitation) of 8.5. Under these conditions and using hand 

calculations, two types of phosphate-residual-versus-alum-dose curves 

were obtained. (See Figure 3, which i s a copy of Figure 9 of the 

Ferguson and King (1977) paper). 

Figures 4 and 5 show a comparison between the Ferguson and King (1977) 

figures and the predictions of the current model. For low a l k a l i n i t y 

(75 mg CaCO^/l) there i s excellent agreement between the simulations 

of Ferguson & King (1977) and the model predictions (Figure 4 ) . At 

high a l k a l i n i t y (400 mg CaCO^/l) the discontinuity between the one-

and the two-precipitate regimes i s evident, and there i s less 

agreement with the simulations of Ferguson & King (1977) (Figure 5 ) . 

Extrapolations such as those used fo the model outputs discussed l a t e r 

do however f i t the Ferguson & King (1977) data in the region between 
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FIGURE 1 Example of Extrapolation Between One and Two Ppt Cases 
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FIGURE 2 Example of Extrapolation Between One and Two Ppt. Cases 
(Alum Dosing) 
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FIGURE 3 Ferguson and King (1977) Simulations of Phosphate 
Residual and pH for Alum Dosing. Conditions indicated 
in Figure caption. 
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FIGURE 4 Ferguson and King Simulation and Model Predictions for 
Low A l k a l i n i t y Case 

]0 

_1 < 
ZA 

^ ^ 

m 

X 
Cl. 
1 ^ 
X 
V-

Ul 
-1 

3 

2 k 

X — 

E P ( 5 P 
A LUM ( M w t ? 6<PzP) OO^B, m^/t 

1 1 1 1 1 
fW 3-5 A I K s 7 5 

* \ i<.lN^ 4'lMUUATIPH 

• M^PBU ?R^P\cr\OH _ 

-

1 X'^^—#4 1 1 1 
5Z? I 5 P ZP<9 
A L U M (Mwt a OOO) PO^B, YiK^/L 

-16-

250 300 



5 Ferguson and King Simulation and Model Prediction for 
High A l k a l i n i t y Case 
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the one- and two-precipitate regimes. I t i s possible that the hand 

calculation used by Ferguson & King (1977) was not discriminating 

enough to detect the discontinuity in the high a l k a l i n i t y cases. 

The existence of a discontinuity in the model predictions can present 

a dilemma in extrapolation, because in some cases, especially at high 

pH (7.5), high a l k a l i n i t y (200-300 mg as CaC03/l), and low i n i t i a l P 

concentration, the r e s u l t s might be extrapolated in two different 

ways. Figure 3 i l l u s t r a t e s t h i s dilemma. There i s support for the 

existence of the curves produced by methods of extrapolation (Ferguson 

& King, 1977). 

I t i s not known which extrapolation (or either)^ between the one- and 

two-precipitate cases correctly describes the actual operating 

situation in the region of the extrapolations. The impact of making 

one or another of the two types of extrapolation on the change in 

chemical dose for a given change in influent soluble ortho-P (and 

therefore on the treatment cost for detergent phosphate) w i l l be 

discussed in the r e s u l t s section. In general, the impact i s 

negligible below soluble ortho-P residuals of 0.5 mg P/1. I t becomes 

more and more evident as the desired soluble ortho-P residual 

increases above t h i s value. 

RESULTS OF MODEL PREDICTIONS 

As previously mentioned, the model was used to predict the soluble 

ortho-P residuals obtained by dosing either f e r r i c ion (as f e r r i c 

chloride) or aluminium ion (as alum) to solutions with the following 
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ranges of composition: 

• i n i t i a l soluble ortho-P concentrations of 7, 5, 4, 3, and 2.5 mg P/1 

f i n i t i a l a l k a l i n i t i o s of 100, 200, and 300 mg CaC03/l 

§ i n i t i a l pH values of 7 and 7.5 

The model determined the chemical doses required to achieve dissolved 

ortho-P residuals of 1.5, 1.1, 0.8, 0.5, 0.3 and 0.1 mg P/1. 

The general technique was to enter the i n i t i a l composition (pH, 

soluble ortho-P and t o t a l a l k a l i n i t y ) , and then to run the computer 

program to print out soluble ortho-P residuals at various chemical 

doses. These re s u l t s then were hand-plotted, and extrapolations were 

made i f needed in the region between the one- and the two-precipitate 

cases ( i f necessary by both of the extrapolation methods indicated 

previously). The curves for a l l of the cases examined are provided in 

Appendix I I I . 

Tables 3 through 6 summarize the doses of either FeCl3 (as Fe) or alum 

(as alum, with molecular weight = 600) required to reach the indicated 

soluble ortho-P r e s i d u a l . The data are for the "smooth curve" type of 

extrapolation (extrapolation 1 ) . Where the shoulder type of 

extrapolation (extrapolation 2) also was used, the r e s u l t s are 

presented in parentheses. 

Tables 7 through 10 present the f i n a l pH values that correspond to the 

chemical doses in Tables 3 through 6. From these data i t would appear 

that, from a pH standpoint, a l l but some of the 0.1 mg P/1 soluble 
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Table 3. FeCL doses (as mg Fe/1) to achieve indicated soluble orthophosphate residual; initial pH 7. 

Initial soluble 
Drthophosphate 

mg P/1 7 3 3 2.3 

Alkalinity 
mg CaCÔ /l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
>rthophosphate, 
mg P/1 

1.3 12 13.3 13.3 7.3 10.3 12.3 6 8.3 10(11) 3(8) 9.3 4 6(7) 8(9) 
l . i 13.3 16.0 19.3 9.3 13 17 8.3 13 17 7 9.3(10.3) 16.3 7 10.3 16.3 
0.8 13.3 19 26 12 16.5 23 11 18 23 10 13 23 10 13.3 24 
0.3 18.3 23.3 33 16 20 33 13 23 37 14 23 34 14 23 33 
0.3 21.3 33 30 20 33 30 20 33 33 19 37 48 18 36 30 
0.1 32 33 — 32 33 — 30 32 — 30 33 — 29 33 — 



Table 4. FeCL doses (as mg Fe/1) to achieve indicated soluble orthophosphate residual; Initial pH 7.3. 

Initial soluble 
orthophosphate 

mg P/l 

Alkalinity 
mg CaCÔ /1 

Residual soluble 
orthophosphate, 
mg P/1 

1.3 
l . l 
0.8 
0.3 
0.3 
0.1 

100 200 

13(13.3) 22.3 
17.3 
20 
23.3 
27.3 
36 

23.3 
30 
36 
47.3 
33? 

300 

30.3 
36.3 
43 
30 
60 

100 

12(13.3) 
13(13.3) 
17.3 
20.5 
23.3 
29 

200 

18.3 
22.3 
26 
32 
40 
32 

300 

23.3 
31 
37 
43 
33 

100 200 300 

7.3(13) 14(18.3) 22.3(26) 
11(14.3) 20(23) 31(32) 
13(16) 26(28) 38 
20 33 47 
24 42 60 
32 60 

100 200 300 

3.3(10.3) 12(18) 
8.3(12) 18(21) 
12(13) 24.3(23) 

17.3(18.3) 32.3 
23 42.3 
31 60 

17(24.3) 
23.3(30) 
34(36) 
43.3 
60 

100 

2.3 

200 300 

3.3(9.3) 10(16.3)16(24) 
9(12) 16.3(21) 26.3(29) 
12.3(14.3) 23(23) 33 
17.3(18) 31.3(32) 43.3 
22 40 , 60 
30 60 



Table 5. Alum doses (as mg/1 alum, mwt = 600) to achieve Indicated soluble orthophosphate residual; Initial pH 7. 

Initial soluble 
orthophosphate 

mg P/1 7 5 4 3 2.5 

Alkalinity 
mg CaCÔ /1 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate, 
mg P/1 

1.5 80 80 84 50 56 65 35 37 55 22(25) 25(32) 47 15(20) 20(25) 32(40) 
1.1 87 94 102 58 67 92 42 57 82 30(37) 47(55) 77 25(32) 45(53) 70 
0.8 95 108 135 68 87 125 55 82 120 42(47) 77(80) 115 40(45) 77 110 
0.5 107 125 200 81 135 180 75 127 180 65 122 170 67 127 170 
0.3 120 190 250 105 190 250 100 175 255 95 175 245 100 180 250 
0.1 150 280 — 150 280 — 150 285 — 155 285 — 150 285 — 



Table 6. Alum doses (as mg/1 alum, mwt=600) to achieve indicated soluble orthophosphate residual; Initial pH 7.5. 

Initial soluble 
orthophosphate 

mg P/1 7 5 4 3 2.5 

Alkalinity 
mg CaCÔ /1 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate. 
mg P/I 

1.5 83 120 147 60(67) 100 132 47(55) 67(90) 100(120) 27(53) 60(90) 95(117) 30(50) 55(80) 78(113) 
1.1 95 135 170 75(77) 120 157 62(67) 97(110) 137(143) 45(63) 87(105) 135(145) 45(57) 85(97) 123(140) 
0.8 105 155 200 89 140 185 77(80) 127(132) 170 62(73) 117(125) 175(177) 62(67) 117(123) 165(173) 
0.5 120 190 260 107 170 275 97 170 235 90 160 235 87 160 225 
0.3 140 260 130 260 290 120 225 300 112 205 300 110 210 300 
0.1 180 300 — 180 300 — 175 — — 170 300 — 170 300 — 



T 1 r 

O SO \00 \SO ZOO ZbO 300 

AUUM ( M w i s CeOO) PO^B, YYU^/t 

FIGURE 6 The Two Types of Extrapolation Possible in the Region 
of Discontinuity Between One and Two Precipitate Cases 

-24-



Table 7. Final pH values corresponding to FeCL doses in Table 3 (Initial pH 7). 

Initial soluble 
orthophosphate 

mg P/i 2.3 
Alkalinity 
mg CaCÔ /l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate, 
mg P/1 

1.5 
1.1 
0.8 
0.5 
0.3 
0.1 

6.7 
6.6 
6.5 
6.5 
6.4 
5.9 

6.8 
6.8 
6.6 
6.6 
6.3 
6.0 

6.8 
6.7 
6.7 
6.5 
6.3 

6.9 
6.7 
6.6 
6.5 
6.3 
5.8 

6.8 
6.8 
6.7 
6.7 
6.3 
5.9 

6.9 
6.8 
6.7 
6.5 
6.3 

6.8 
6.8 
6.7 
6.5 
6.3 
5.8 

6.9 
6.8 
6.6 
6.5 
6.3 
6.0 

6.9 
6.8 
6.7 
6.5 
6.3 

6.9 
6.8 
6.7 
6.5 
6.3 
5.8 

6.9 
6.8 
6.7 
6.5 
6.3 
5.9 

6.8 
6.8 
6.7 
6.4 
6.3 

6.8 
6.8 
6.7 
6.4 
6.3 
5.8 

6.9 
6.8 
6.6 
6.5 
6.3 
5.9 

6.9 6.85 
6.8 6.77 
6.7 6.6 
6.5 6.51 
6.3 6.31 
- 5.88 



Table 8. Final pH values corresponding to FeCL doses in Table 4 (Initial pH 7.5). 

Initial soluble 
orthophosphate 

mg P/1 7 5 4 3 2.5 

Alkalinity 
mg CaCÔ /l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate, 
mg P/1 

1.5 6.9 6.9 6.8 7.0 6.9 6.9 7.2 7.0 6.9 7.3 7.1 7.1 7.2 7.1 7.1 7.03 
1.1 6.8 6.8 6.7 6.8 6.8 6.8 7.0 6.8 6.8 7.0 6.9 6.8 6.9 6.9 6.8 6.84 
0.8 6.7 6.7 6.6 6.7 6.7 6.7 6.7 6.7 6.6 6.8 6.7 6.7 6.7 6.7 6.7 6.69 
0.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 
0.3 6.3 6.3 6.3 6.4 6.3 6.4 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.31 
0.1 5.8 6.1 — 6.1 6.1 — 5.8 5.8 — 5.8 5.8 — 5.9 5.8 - 5.9 



J) 

Table 9. Final pH values corresponding to alum doses In Table 5 (initial pH 7). 

I 

Initial soluble 
orthophosphate 

mg P/1 7 5 4 3 2.5 

Alkalinity 
mg CaCÔ /1 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate, 
mg P/1 

1.5 6.5 6.8 6.8 6.7 6.8 6.8 6.8 6.9 6.9 6.8 6.9 6.9 6.9 6.9 6.9 6.84 
1.1 6.5 6.7 6.8 6.7 6.7 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.76 
0.8 6.5 6.7 6.7 6.6 6.7 6.7 6.7 6.7 6.7 6.8 6.7 6.7 6.7 6.7 6.7 6.69 
0.5 6.4 6.6 6.5 6.5 6.6 6.5 6.5 6.5 6.5 6.6 6.5 6.5 6.6 6.5 6.5 6.52 
0.3 6.3 6.4 6.4 6.4 6.3 6.4 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.33 
0.1 6.1 6.0 **"" • 6.0 6.0 — 6.0 5.9 — 5.9 5.9 — 5.9 5.9 - 5.96 



Table 10. Final pH values corresponding to alum doses in Table 6 (initial pH 7.5). 

Initial soluble 
orthophosphate 

mg P/1 7 5 4 3 2.5 

Alkalinity 
mg CaC03/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300 

Residual soluble 
orthophosphate, 
mg P/1 

1.5 6.8 6.9 6.9 7.0 6.9 6.9 7.1 7.1 7.0 7.3 7.1 7.0 7.2 7.1 7.1 7.03 
1.1 6.8 6.8 6.8 6.8 6.8 6.8 6.9 6.9 6.9 7.0 6.9 6.8 7.0 6.9 6.9 6.87 
0.8 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.8 6.7 6.7 6.8 6.7 6.7 6.71 
0.5 6.5 6.5 6.5 6.5 6.6 6.6 6.6 6.5 6.6 6.5 6.5 6.5 6.6 6.5 6.5 6.53 
0.3 6.3 6.2 — 6.3 6.2 6.4 6.3 6.3 6.3 6.3 6.4 6.3 6.3 6.3 6.3 6.3 
0.1 6.0 6.0 — 5.8 6.0 — 5.8 — — 5.8 5.9 — 5.8 5.9 - 5.89 



ortho-P residuals could be achieved consistent with biological 

treatment ( i . e . using simultaneous p r e c i p i t a t i o n ) . There are other 

process factors that may prevent t h i s . To i l l u s t r a t e t h i s point, the 

averages of the pH data for four conditions (FeCl^ dosing with i n i t i a l 

pH values of 7 and 7.5, and alum dosing with i n i t i a l pH values of 7 

and 7.5) are plotted in Figure 7 against soluble residual ortho-P. 

From t h i s plot i t appears that pH values consistent with biological 

treatment (>: 6.2) w i l l be maintained for soluble ortho-P residuals of 

0.25 mg P/1. 

Using the FeCl^ and alum dose data from Tables 3 through 6, i t was 

possible to compute the reduction in chemical dose that would r e s u l t 

from the influent P reductions due to a detergent p ban. This was 

done for each soluble ortho-P re s i d u a l , i n i t i a l pH and a l k a l i n i t y ; the 

re s u l t s are presented in Tables 11 through 16. These data are also 

summarized graphically in Figures 8 and 9. Two things emerge from 

these Figures. F i r s t , for any given P residual there i s a 

considerable range of chemical dose reductions for a given influent P 

reduction. Second, as the required soluble ortho-P residual 

decreases, the chemical dose reduction attributable to a decrease in 

influent P decreases. In Figures 8 and 9 the average chemical dose 

reductions are presented for both methods of extrapoltion. With 

either method of extrapolation the same general average trend of 

decreasing "savings" in chemical dose for reductions in influent 

dissolved ortho-P i s shown. The differences in the predictions given 

by the two methods of extrapolation increases as the dissolved ortho-P 

residual increases. In general the difference i s minor for dissolved 

ortho-P residuals of below 0.5 mg P/1 and becomes s i g n i f i c a n t for 
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FIGURE 7 Final pH for Various Soluble Orthophosphate Residuals for both FeCl 
and Alum Dosing 



TABLE 11 Reductions in FeCK Dose for a Reduction in Influent 
Soluble Orthophospnate from 7 to 5 mg P / 1 . Figures are 
(2^ moles FeCK)/( Amoles P ) . 

Soluble 
Residual pH 7 pH 7.5 
Orthophosphate, A l k a l i n i t y , mg CaCO^/1 A l k a l i n i t y , mg CaCO^/1 
mg P /1 100 200 300 100 200 300^ 

1.5 1.2 0.83 0.83 0.83 1.1 1.4 
(0.55) 

1.1 1.1 0.83 0.69 0.69 0.83 1.5 
(0.55) 

0.8 1.2 0.69 0.83 0.69 1-1 1.7 

0.5 0.69 1.5 0.0 0.97 1.1 1.4 

0.3 0.42 0.0 0.0 1.1 2.1 1.4 

0.1 0.0 — 1.9 0.83 

NOTE: Figures in parentheses are for the shoulder type of 
extrapolation. 
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TABLE 12 Reductions in FeCl- Dose for a Reduction in Influent 
Soluble Orthophospnate from 5 to 3 mg P/1. Figures are 
(,z» moles FeCl^)/^ A moles P ) . 

Soluble 
Residual pH 7 pH 7.5 
Orthophosphate, A l k a l i n i t y , mg CaCO-/l A l k a l i n i t y , mg CaCO./l 
mg P/1 100 200 300 100 200 300"̂  

1.5 0.97 1.5 0.83 1.8 1.8 2.4 
(0.69) (0.83) (0.14) (0.28) 

1.1 0.69 0.97 0.14 1.8 1.2 1.5 
(0.69) (0.97) (0.41) (0.28) 

0.8 0.55 0.42 0.55 1.5 0.42 0.83 
(0.69) (0.28) (0.28) 

0.5 0.55 1.4 0.28 0.83 0.14 0.14 
(0.41) 

0.3 0.28 0.55 0.55 0.14 0.69 0.14 

- 0 . 1 0.55 0.0 — 0.55 — — 

NOTE: Figures in parentheses are for the shoulder type of 
extrapolation. 
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TABLE 13 Reductions in F e d . Dose for a Reduction in Influent 
Soluble Orthophospnate from 4 to 2.5 mg P/1. Figures are 
( A moles FeCl-)/(jimoles P ) . 

Soluble 
Residual pH 7 pH 7.5 
Orthophosphate, A l k a l i n i t y , mg CaCO^j/l A l k a l i n i t y , mg CaCO-/l 
mg P/1 100 200 300 100 200 300"̂  

1.5 0.73 0.92 0.73 0.73 1.5 2.4 
(1.3) (0.73) (0.73) 

1.1 0.55 0.92 0.18 0.73 1.7 1.7 
(0.93) (0.73) (1.1) 

0.8 0.37 0.92 0.37 0.92 1.1 1.1 
(0.55) (1.1) 

0.5 0.37 0.0 0.74 0.92 1.3 0.55 
(0.73) 

0.3 0.74 0.0 1.1 0.73 0.74 0.0 

0.1 0.37 — — 0.73 0.0 — 

NOTE: Figures in parentheses are for the shoulder type of 
extrapolation. 
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TABLE 14 Reductions in Alum Dose for a Reduction in Influent 
Soluble Orthophosphate from 7 to 5 mg P/1. Figures are 
(Amoles Al ) / ( A . m o l e s P ) . 

Soluble 
Residual pH 7 pH 7.5 
Orthophosphate, A l k a l i n i t y , mg CaCO,,/l A l k a l i n i t y , mg CaCO / I 
mg P/1 100 200 300 100 200 300^ 

1.5 1.6 1.2 0.98 1.2 1.0 0.78 1.5 
(0.83) 

1.1 1.5 1.4 0.52 1.93 0.78 0.67 
(0.93) 

0.8 1.4 1.1 0.52 0.83 0.78 0.78 

0.5 1.3 0.0 1.0 0.67 1.0 1.8 

0.3 0.78 0.0 0.0 0.52 0.0 — 

0.1 0.0 0.0 — 0.0 0.0 
— 

NOTE: Figures in parentheses are for the shoulder type of 
extrapolation. 
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T A B L E 1 5 Reductions in Alum Dose for a Reduction in Influent 
Soluble Orthophosphate from 5 to 3 mg P / 1 . Figures are 
(Amoles A 1 ) / ( a moles P ) . 

Soluble 
Residual pH 7 pH 7 . 5 
Orthophosphate, A l k a l i n i t y , mg CaCO^/1 A l k a l i n i t y , mg CaCO^/1 
mg P /1 1 0 0 2 0 0 3 0 0 1 0 0 2 0 0 3 0 0 ^ 

1 . 5 1 . 4 1 . 5 0 . 9 3 1 . 7 2 . 1 1 . 9 
( 1 . 3 ) ( 1 . 2 ) ( 0 . 7 2 ) ( 0 . 5 2 ) ( 0 . 7 8 ) 

1 . 1 1 . 5 1 . 0 0 . 7 8 1 . 5 1 . 7 1 . 1 
( 1 . 1 ) ( 0 . 5 2 ) ( 0 . 7 2 ) ( 0 . 7 8 ) ( 0 . 5 7 ) 

0 . 8 1 . 3 0 . 5 2 0 . 5 2 1 . 4 1 . 2 0 . 5 2 
( 1 . 1 ) ( 0 . 3 5 ) ( 0 . 8 3 ) ( 0 . 7 8 ) 

0 . 5 0 . 8 3 0 . 5 7 0 . 5 2 0 . 8 8 0 . 5 2 0 . 5 2 

0 . 3 0 . 5 2 0 . 7 8 0 . 2 5 0 . 9 3 0 . 0 0 . 0 

0 . 1 0 . 2 5 0 . 2 5 - - - 0 . 0 0 . 5 2 0 . 0 — 

N O T E : Figures in parentheses are for the shoulder type of 
extrapolation. 
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TABLE 16 Reductions in Alum Dose for a Reduction in Influent 
Soluble Orthophosphate from 4 to 2.5 mg P/1. Figures are 
(ZSmoles Al ) / ( A.moles P ) . 

Soluble 
Residual pH 7 pH 7.5 
Orthophosphate, A l k a l i n i t y , mg CaCO^/l A l k a l i n i t y , mg CaCO / I 
mg P/1 100 200 300 100 200 300"̂  

1.5 1.4 1.2 1.6 1.2 0.82 1.5 
(1.0) (0.82) (1.0) (0.34) (0.69) (0.48) 

1.1 1.2 0.83 0.83 1.2 0.83 0.96 
(0.69) (0.28) (0.69) (0.90) (0.21) 

0.8 1.0 0.34 0.69 1.0 0.69 0.34 
(0.69) (0.89) (0.62) (0.21) 

0.5 0.55 0.34 0.69 0.69 0.69 0.69 

0.3 0.0 0.0 0.34 0.69 1.03 0.0 

0.1 0.0 0.0 0.34 

NOTE: Figures in parentheses are for the shoulder type of 
extrapolation. 
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dissolved ortho-P residuals above 1.0 mg P / 1 . 

The model was used to assess the potential impact of a P detergent ban 

on the FeCl^ dose required to meet various P residual requirements in 

a wastewater such as that found at the Blue Plains Waste Treatment 

Plant. Data for primary effluent a l k a l i n i t y were averages (pH = 7.1; 

i n i t i a l a l k a l i n i t y = 126 mg as CaCO^/l) of those in Table 17 (Blue 

Plains data of Ed Jones provided by R. Sedlak, Soap & Detergent 

Association). The influent soluble ortho-P was assumed to be 7 mg P /1 

with a reduction to 5 mg P /1 being assumed to re s u l t from a detergent 

P ban. Figure 10 and Table 18 present the chemical doses required to 

achieve various soluble ortho-P residuals. The difference in FeCl^ 

dose for t h i s reduction in influent P i s presented in Table 19. From 

t h i s i t can be seen that for a residual dissolved ortho-P of 1.5 mg 

P / 1 , the savings in FeCl^ i s predicted to be 4.7 lb FeCl^/lb P. 

DOSING WITH METAL SALTS COMBINED WITH STRONG ACID 

When iron chloride, iron s u l f a t e , or alum are added to wastewater to 

precipitate P, reactions also occur between these s a l t s and the 

wastewater a l k a l i n i t y (bicarbonate). This "side reaction" consumes 

chemical and may produce a hydroxide precipitate, both of which are 

undesirable from a treatment point of view because they r e s u l t in 

chemical consumption and in sludge production. 

In these "side reactions" the iron and aluminum ions act as strong 

acids, t i t r a t i n g the a l k a l i n i t y . I t i s possible that chemical costs 

and sludge production could both be reduced i f a strong acid (e.g. 
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TABLE 17 Blue Plains Sewage Treatment Plant East Primary, Total 
A l k a l i n i t y and pH Data Provided by R. Sedlak, Soap and 
Detergent Association 

Month - Year Mean Mean 
A l k a l i n i t y pH 

3 - 8 0 112 7.0 
4 111 6.9 
5 115 7.0 
6 127 7.0 
7 132 7.1 
8 135 7.0 
9 133 7.0 
10 143 7.3 
11 148 7.2 
12 121 7.1 

1 - 81 151 7.2 
2 101 7.1 
3 106 7.1 

Mean 126 7.1 
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FIGURE 10 Soluble Phosphate Residual/FeCl. Dose Curves for "Blue 
Pl a i n s " Case; I n i t i a l pH = 7 . i f Total A l k a l i n i t y = 126 
mg as CaCO-/l 
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Table 18. Ferric chloride doses required to achieve various soluble orthophosphate residuals. 
Blue Plains case: Initial pH = 7.1; initial total alkalinity = 126 mg as C a C O , / l . 

Initial soluble 
orthophosphate 
concentration, 
mg P/1 

Residual soluble 
orthophosphate 
concentration, mg P/1 

1.5 
1.1 
0.8 
0.5 
0.3 
0.1 

mg 
F e C L dose 

Fe/1 Mole Fe added 
Mole P present 

12.5 
15 
17.5 
22 
27.5 
38 

1.0 
1.2 
1.4 
1.7 
2.2 
3.0 

4.2 

mg 
FeCU dose 

Fe/1 Mole Fe added 
Mole P present 

9 
12 
15 
20 
26 
38 

1.0 
1.3 
1.7 
2.2 
2.9 
4.2 

F e C L dose 
Mg Fe/1 Mole Fe added 

Mole P present 

8 
11.5 
14.5 
20 
25 
38 

1.1 
1.5 
1.9 
2.6 
3.3 
5.0 



TABLE 19 Predicted FeCl- Savings for an Influent P Reduction 
from 7 to 5 mg-^P/l. (Blue Plains Case) 

Residual Soluble FeCl- Savings 
Orthophosphate 
Concentration ^mole Fe/ ,^ • -^ilb FeCl- /-alb P 
mg p/1 /^"^o^^ ^ 3 

1.5 
1.1 
0.8 
0.5 
0.3 
0.1 

0.9 
0.8 
0.7 
0.6 
0.4 
0.0 

4.7 
4.2 
3.7 
3.1 
2.1 
0.0 
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s u l f u r i c acid) were used to reduce a l k a l i n i t y and pH before the 

addition of the P precipitating chemical. To allow the computation of 

these fac t o r s , the following calculation scheme i s presented. This 

scheme allows the calculation of the changes in to t a l a l k a l i n i t y and 

pH that would occur upon the addition of a strong acid to a 

wastewater. The effect that these changes have on the iron or 

aluminum requirements for achieving a desired P residual can be 

determined by running the P precipitation model for the wastewater 

composition before and after acid addition. 

Since simultaneous precipitation processes are assumed, the following 

calculations assume an "open system", that i s , a i r being bubbled 

vigorously through the liq u i d to which acid'Ts being added so that any 

that i s produced w i l l be equilibrated with the atmosphere. The 

content of the atmosphere i s assumed to remain constant at the 

i n i t i a l value prior to acid addition (determined by the production of 

CO2 and i t s stripping in the aeration system). 

For an "open" system: 

A l k a l i n i t y = 

where 

K H Henry's constant for CO, 

= lO"^-^ at ZS'C 

pCO^ = p a r t i a l pressure of CO2 

oi values = fraction of various "carbonate" species 
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o(,= H2C02/total inorganic carbon 

cL, = HCO^/total inorganic carbon 

o(i= C02-2/total inorganic carbon 

K. = equilibrium constant for water w 
= 10-^"^ at 25 C 

For the pH range of interest (6-9) 

Therefore, a l k a l i n i t y = K i 

For i n i t i a l wastewater conditions, pH and a l k a l i n i t y due to the 

bicarbonate system are known; values can be found for©^^ and oi^ from 

Tables and pCO^^^^^ be calculated. 

Now, strong acid i s added (C^ moles/1); t h i s has the effect of 

t i t r a t i n g some of the a l k a l i n i t y , so that: 

A l k a l i n i t y - = ^^f^2^ 
etc 

Using the new value of a l k a l i n i t y , and keeping constant, the 

value of the r a t i o can be calculated. Tables of <5î  and 

can be examined to determine at which pH value t h i s r a t i o i s met. For 

convenience. Table 20 presents values of the ^y/j r a t i o at pH values 

between 5 and 9. The pH and a l k a l i n i t y of the wastewater following 

acid addition are now known, and can be used as new star t i n g 
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Table 20. « Values for Carbonate Species 

pH pH "'•^ pH pH 

5.0 0.0445 6.0 0.49 7.0 4.43 8.0 44.5 
5.1 0.0559 6.1 0.56 7.1 5.62 8.1 56.1 
5.2 0.0704 6.2 0.741 7.2 7.06 8.2 70.4 
5.3 0.0887 6.3 0.886 7.3 8.89 8.3 89.1 
5.4 0.111 6.4 1.12 7.4 11.2 8.4 112 
5.5 0.14 6.5 1.4 7.5 14.1 8.5 141 
5.6 0.176 6.6 1.77 7.6 17.7 8.6 177 
5.7 0.222 6.7 2.23 7.7 22.3 8.7 223 
5.8 0.28 6.8 2.8 7.8 28.1 8.8 281 
5.9 0.353 6.9 3.52 7.9 35.4 8.9 

9.0 
397 
445 



conditions for the phosphate precipitation model. 

CONCLUSIONS 

1. The study reviewed the models available for predicting the 

residual dissolved ortho-P concentration as a function of iron or 

aluminum dose. 

2. The equilibrium model of Ferguson & King (1977) for alum dosing 

was selected for study. The calculations required in the Ferguson & 

King model were programmed in FORTH so that the model could be run for 

a wide variety of cases on a microcomputer. The program was made 

f l e x i b l e enough to consider a range of stoichiometries of both f e r r i c 

phosphate and aluminium phosphate, so that the model could be used 

both for iron (e.g. f e r r i c chloride) and aluminum (alum) dosing. 

3. The Ferguson & King (1977) model was found to contain a 

discontinuity that apparently had not been detected by the authors of 

the model in t h e i r hand-performed calculations presented in the 

original work describing the model. This discontinuity occurred 

between the one- and two-precipitate cases. In some cases, especially 

for f e r r i c chloride dosing and for high a l k a l i n i t y , low i n i t i a l 

dissolved ortho-P, and high i n i t i a l pH, the discontinuity became 

s i g n i f i c a n t , leading to uncertainty as to the method of extrapolation 

that should be used in the discontinuity region. Two methods of 

extrapolation were used in such cases, corresponding to the forms of 

the curves given in the Ferguson & King paper(1977). 
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4. In many of the cases cited above, the region of extrapolation 

^ (with i t s inherent uncertainties) corresponds to the ortho-P residual 

region of interest — between 0.8 and 1.5 mg P / 1 . 

5. Model predictions showed that the chemical savings that would 

accrue from a reduction in influent dissolved ortho-P varied over a 

wide range at a l l dissolved ortho-P residual values. The average 

savings in chemical dose decreased as the residual dissolved ortho-P 

concentration decreased. 

6. A s p e c i f i c case using available data for the Blue Plains 

wastewater was examined. The model estimated chemical savings from a 

reduction in influent soluble ortho-P from 7 to 5 mg P /1 at 4.7 lb 

FeCl^/lb P for a residual soluble ortho-P of 1.5 mg P / 1 , and 3.1 lb 

FeClg/lb P for a residual of 0.5 mg P / 1 . 

7. A method for calculating the effectiveness of dosing strong acid 
f 

plus metal s a l t versus metal s a l t alone was outlined. 

RECOMMENDATIONS 

Further developmental work should be conducted to eliminate the 

discontinuity in the Ferguson & King (1977) model, p a r t i c u l a r l y since 

the discontinuity often occurs in soluble P residual concentration 

regions of in t e r e s t . 

Laboratory experiments should be conducted to provide information on 

actual precipitation behavior in the discontinuity region. 

^ -48-



S p e c i f i c a l l y , these experiments should duplicate the prototype system 

as much as possible. That i s , they should employ simultaneous 

precipitation in a continuous-flow activated sludge system with 

precipitate recycle. The experiments should be conducted on domestic 

wastewater whose c h a r a c t e r i s t i c s can be kept reasonably constant at a 

variety of pH, a l k a l i n i t y , and i n i t i a l P values. 
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r e c a i c u L k r i j t k e S p e c i e s C o n c e n t n a t i o n s <facl\ fkroocj h t l i e 

loop. The £ti*l is -then used -h> aAcoUf& ^ a . 5 

ojAjn hdovsj : 
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SCALE 

OF 

DATE-

DATE-

fj KImlAron for fke 1 PPT Region 

/ f for fine 1 ppr region is iAermined from fke rmass 

hdances:. 

^̂̂̂̂̂^̂̂̂̂̂^̂̂̂  ; X 

: X - l U o=-J-ICAF*]UCBIOH-L!+{M(biif);lllM(o^f]fXMCo\^^ 

\ X t X ^ ±Cl tR? | '^d 4 (r-iTLAV4^pg:,fO 

£qudihrU>^m ConAaAf relahDAship'^ amonj fhe Soklle species 

are used fo reduce ^ -fo o poL^mMicI Gc^uofion 

iPpf'l a s ±he Sinjle VMiMe\ 

• • L CAI ^ 7 i ^ ^ ' : 

Uo 

3 r - 3 
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OF 
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DATE-

ZjMOiBTl 

Mh ± ha A i m* ±M 

\ A V Q H " j X H t l - r ^ Kv 

: : 

; : cm : 

3 J C A V C O W ^ I 

^ t BxQ Al(PHl;+f h+ y-h : 

j i h . ^ K x £A\-»^"1 

cm 

i t A i c o H i ; ] 

OMft B i O ^ A V C P H ) / 4 Ht M.K; 

L" : m ; ; CyfYY : 

S i L r A l l G H ^ ^ 

jAiCoH)^TMo7^Mod))+m x*Kv 

CAACQH)-!=4K4. l A \ c o v i ) ; i ^ K ^ i t - K ^ ^ K ^ ^ K , C A I Z ? 
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G iMdj)-)\ 

v f 3 

ImI3 
Hp3 

W D H X . P X 1 : 

K p x 

!6 MM^oM 

B T ± m c P P ) 

iMmr 

I T 

[IfTIH 

m3 
W r 

- i i . 
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OF 

DATE-

DATE-

S u t s l i l i / \ ) A d t a c k IAVO d^qoaxion 

h^_mx I 4- ^ 4 *m-^ ^^Y^i^y^z_ ^ ^ V , 

+ C P q ^ J f M + m k 
S r - 3 \ 
" r 

^?dCf>i 

TV\vs TcL-honsUip r ^ « ^ "he S o V J C U T o r CPO^^ bg S u c c e s s i v e 

appfmimAiom\, is tbevA CalcaUdeA -from t h e relahonsLp; 

E : T (wc^o)B t C B P Q ^ n -+ C A \^ 

I -
V '^f'^ % ^ F ^ J V<^M^hr^ 

13 v a ue for S 15 then C o m r e e l with -the value 

o f % used m the Oikuktian o f [BfJ if they differ by 

more than o,l -the CalcoUti'on of Chf] M ^ ^6 

repeated osin^ an aVemye of the oU aad nctu vAjwes 

fz>r ^ :. 

The program then reclnecks to determine ujhether 
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CALCULATED B Y . 

CHECKED BY 

SCALE 

C F 

DATE-

DATE-

the CorrtA reyion tOas cMasem by check in j fo- o ppr 

Or g PP7 . 

There. \M <P RPi" d i +-Vc C Al^PO4C0h) ccv^cY^. does 

not exceed the 'sAibilitij proAocV r 

: : ^ ^ r l ^ f ° % . . 3 , s y ^ ^ ^ ^ ^ ^ C > r , i j O H -

The 2. pf*r negiow \<> pertvvrveyvV (f -there is SO fT ' cUvy t 

^ l ? ! ] remaioinj alter GloMinvrw pktTspWA-e preci^iVdes -H, 

pf ecilfiMe atoywiAVm h^raxiie -

AB"^ -fe H« ^Q ^ K* i. Alloh);^^^,^; 4 5 

K i m n3 

2 . U y R)4 (OVi) 3 ^ , ^ ! ^ J ^ r M*^ u Y >0^ l4 (3 r -3^ O h -

l A l 
i4*,kble - 1 " \, \  . . . . 

^^^^^ m 
5r-3 

3. CTF CAI'*1AUKI. ^ / ^ AZf /^^T then 2 ppd. 
r^mu,i • 
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X n \ b j l i e r c there ore vJasheu/Aen ujtk a k i j k 

mi he I AkAinitj and pR \ Avm doses mtyltt noi 

precipihte any ^kespkAc. When t h i s happens the find 

pM aAi Akdimhj d A function o f tht mltid sAotion 

CbAdiorS and M o f file pho^phAxj 

Per konAt. and A u mi AO m s u s + e m s . 

H Cj. t£m\l 4 C h (<Kcv 4 Z o L c r i t ^ | ( p ^ 4 2 o ^ p r ^ 

kM^ C d a o kMci, 4...olax.4,;a.A?'^ : 

X n i k e 2. r e g i o n t w o - s o l u k i l i t j ^ r e U V i o n s V i p s 

. c o n t r o l i 

A l t o i f ) j ^ , y 4 s H + ^ A i ^ l 4 3 \ k , o 

3r-stsV Am±^ d^so 

TWe a l u v v i i n u m k g d r ^ S o l o h v l i h ^ pro<Lut c i e V c r m i n t s 

t k e CoY\c£wtrckiGY\ S o l u k t a \ o m i n u m t W c a v x e x i s k . 
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C F 

DATE-

DATE-

"TKia iappareytiy infrocluces (X cl\scowtinoiVg vrvVo -the. mode 

Since: in Lt^ I ppt rejvon the : 4 1 ^ ^ l-̂ Hl̂ ^ ^ p*'̂  Jpid*-Kov\ 

uJciS eSSA/nU -to be. \-the ContrpUi/v^ reACtion. At pU 

vdueS a.hpve __u_-_̂  the abynmuyyy b •S\\OVA;V\ 

+o re<vct to ToTwv aluwvin0/K UijAroxide. ^ liVtW o*- no 

PSpyfe; iremoVAl is skpsAjn.: 

: T h e acid (kg aclAeA +o the sdotiprv CC/v) VS Aeker mirvet, 

bg the L \ t^ added bj the n£<;rHons of o\ow\

pdecipi-kke Alv P04[C0;ri)j^.^^[or Al(orf)̂ ^̂ ,̂  and depends 

On tke vni ti A1 p r o p e r bo AS of B PQ^ ~ CAA UZPO^" * 

r A R * t B P O ^ ' 4 ( 5 r - . 3 ) i b O A U 

t ^ ^ f l r t l e i i s e j ^ X ! £ ? 

I mm : : ^ ^ 1 • ' 

: t P i m • ^ ^ : ^ • 

Aim± t k o AlCo tf), (̂ >j ± 3 B+ 
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C A\\ 
L i ) J 

C s o l u k l e AommVnn species Can t e n e g I c c k t f i ) 

CMfl CjcuL-hon tor 2 PPT Region 

en iiSJ CalculdeJ fraryK the AeJronetjtndity 

C^io \>U pkospLeie AAI abminum species CXfe. no\ in 

Siyni(ia*tt yoanhhes) ; : 

,,rbsh\ CA;r-:W)n*d€- Conx.n. z- „: 

t zSh 
VH 

It-

g CAcoUtion for 2 PPT Reyiori 

T h e find TpufJ conctdrdion is CA IcAAeJ from tUc precipii-Ah'on 

'^tacJrior)S for MioMy(j^ a n d MKod^Mn^) ' 
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rHFP.KFn PY nATF 

8CAI F 

rPsI% F o ^ " 4 C 3 r - A 6 B r 

l-i'.,.^ :. 
: : : : : : : C m 

A \ ' * A v s , . . o : * Y s . 

£ 4 1 + 1 l_i^. 

i*MdB^^m 

: [Kso 

• y m f k w 
ZCr-S 

I 

L 

a 

I 
o f U U ^Adde 

s^^ecies : \ 

1 = iW?o^A ±£4^0)) iMAhzfuf*! 

C B P O ^ ^ T CiJt CBzPo+'l Can W« e - x p r e s s e l in -Ver /ws o f 

Consfavits a y v i C B t ! a s u l a s s k o C a l c u l ^ u f l V n s 

T o r t k e o p e p p t re<^iov^- AV+xPo^ CAV\o b « txprt5s«d 
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lV\5 o f CoVvvhiLvcV-s u v v i CkT\ 's\\ovsjv% : 

[APTk M y A A Z B v h . 

L ' ' ' ' . & V M 

t\pz.bp 

norFcUrs : 

JCn all s e s Ahr A finU f) A A OiH a re djkrmin eJ^ 

t h e proyravn CACUXAAS A& finX p Hy a l k a l m i t ^ ^ S o l v j i l - ^ 

p k o s p k A i c r e s i d u a l Un m^i as P), X t 4 f \ € v \s o r 

.: "P O-b: tke resv 1+5 

Alka l in i l t j = f H c o j l 4 z[com t i^zM t zitPo^ J t EOHT - D r t 

p H - I p g C B - a 
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======****** 1 ******====== 
X U?lRIftELE TRRCE (FIG DEPENDENT) 
BECIMPL 
HERE FIRST OUER - ERftSE 
CREfi CE TfiSK 
URRIBBLE DEPTH-TRfiCE 
URRIfiBLE UPR-TRPCE 
: F! ( FP PDDR --- ) 
DEPTH-TRBCE @ 
IF CR . " C" DEPTH 4 -

2 .R ." ) " 
THEN UftR-TRftCE ® • 
IF ( TRftCING ) 

DEPTH-TRftCE ® HOT I F CR THEN 
( ONLY ONE CR ) 

DUP NFA ( FIG ) ID. #OUT ® 
20 MOD 20 SWPP - SPRCES = " 
>R FDUP F. R> THEN F! ; 

REDO THE DEFINITION OF FURRIfiBLE 
SO THfiT, URR-TRRCE IS TURNED ON. 

ITS NEW CONTENTS WILL BE PRINTED 
WHENEVER SOMETHING IS STORED THERE 
WITH F! 

GRERT TRRCING ROUTINE. 

I F DEPTH-TRRCE IS ON, THE STRCK DEPTH 
(OF RFTER THE STORE) IS PRINTED. 

--> 

======*••*•* 2 *••***====== 
\O FOR FLORTING TRRCE 

"REDO" MRKES R NEW DEFINITION OF THE 
URRIRBLE MRTH-TRRCE NEXT INLINE WORD, R FLORTING POINT 

OPERRTION, SO THRT IT WILL BE TRRCED 
: REDO I F THE URRIRBLE MRTH-TRRCE IS 

>IN t ' SWRP >IN ! ( RDR OF PREU ) TURNED ON. 
CRERTE , ( COMPILE OLD DEF ) 
DOES> @ MRTH-TRRCE ® DUP >R 

IF >R CR ." ( • DEPTH 2 .R .° ) " 
FOUER F. 

R@ 2+ NFR ID. < FIG-FORTH ) 
FDUP F. R> 
THEN EXECUTE 
R> 
IF FDUP ." =" F. 
THEN ; 

REDO F* REDO ¥/ REDO F+ REDO F- REDO F t 

MRTH-TRRCE OFF 
- - > 

T T . - Z P 



= = = = = = * * * * * * 3 * * * * * * = = = = = = 
\B WORD WORDS 

CRRSH 
TRUE ABORT" ***CRftSH*** Hft HR HR' ; 

5 DEFER 
CREATE C1 CRASH , 
DOES> ® EXECUTE ; 

5 ( I S ) R> DUP 2+ >R @ >BODY ! ; 

: I S 
STATE @ I F COMPILE ( I S ) 
ELSE ' >BODY ! THEN ; IMMEDIATE 

THESE ARE THE STANDARD WORDS FOR 

MAKING DEFERRED WORDS. THEY ARE 

COMPILED ON THE OLD SCI-4TH SINCE IT 

DOESN' T HRUE THEM 

======***»** 4 ••••**= 
N F I X AND UNFIX "<" AND 

i FIX < SCR* ) 
BLOCK i®24 OUER + SWAP DO 

I C® ASCII < » 

I F 123 ( LBRACE ) I C l 
THEN I C® ASCII > = 
I F 125 < RERACE ) I C l 
THEN 

LOOP i 

? UNFIX < SCR* - — > 
BLOCK 1©24 OUER + SWAP DO 

1 C® 123 = 

I F A S C I I < I C l 
THEN I C® 125 = 
I F ASCII > I C l 
THEN 

LOOP ? 

THIS ROUTINE FIX E S A SCREEN BY 

CONUERTING ALL < TO A LEFT BRACKET 
AND ALL > TO RIGHT BRACKET. 

WATCH OUT--- THE OLD SCI4TH CONUERTS 
THESE NARKS TO "UPPERCASE". 
A C AND y . THEREFORE, YOU HAliE IN 
EFFECT REDEFINED I AND C. SO DO NOT 
TRY TO GO IN AND OUT OT COMPILING 
NODE WITH THE C AND 11 YOU CAt4' T. 
SCI4TH SHOULD 

NOT EUEN BE CONUERTING THESE CHARACTERS. 

THEY ARE NOT LOWERCASE I 



B * * * * * * = . = M a = 

\G WORDS FOR FLOATING PT. 

3 
. i CSP 

- 1 CSP 
+ 1 
+ ! 

IMMEDIATE 
IMMEDIATE 

SINCE COLON SETS CSP. WE INC/DEC 
THAT WHEN < AND > ARE FOUND. I F THE 
EXPRESSION I S IMBALANCED, THERE WILL 
BE A CONTROL STRUCTURE ERROR. ) 

--> 

THESE WORDS, € AND ,HAUE NO REAL 
SIGNIFICANCE, THEV ARE JUST USED AS 
AN AID FOR COMPILING. THEY ARE 
PLACED AROUND A SUB-EXPRESSION-
OPTIONALLY, BUT EACH C MUST BE 
BALANCED BY A J. THIS WAY. I T WILL 
BE EASIER TO READ THE LISTING. AND 
BADLY CODED FORMULAS WILL BE EASY TO 
SPOT. 
THEY WORK BY INCREMENTING AND 
DECREMENTING CSP. : AND ! REQIRE CSP 
TO BE THE SAME FROM THE START TO THE 
END OF THE DEFINITION, SO THERE WILL 
BE AN ERROR' I F THE NUMBER OF BRACES 
I S UNBALANCED, HOPEFULLY POINTING OUT 
A GOOF IN THE PROGRAMMING. 
THE WORDS £ AND J ARE NOT COMPILED 
INTO THE DICTIONARY AT ALL. THEY 
ARE EXECUTED IMMEDIATELY. 

NOTE THAT THE APPLE SCREEN DOES NOT 
DISPLAY/'INPUT THE BRACE CHARACTERS. 

======*•**** 6 • • • • * * = . = = = 5 

N INPUT UARIABLES DOSE-NAME 

FUARIABLE ALKALINITY( MG/L-J 
FUAR1 ABLE PHOSPHATE. CONC ( NGz-L ) 

FUARIABLE PH.INPUT 
FUARIABLE ALUM.DOSE(MG/L) 
FUARIABLE R 1.4 R F! 

( FOR STARTING UP AS ALUM ) 

DEFER DOSE-NAME 

: "ALUM" ." ALUM " ; 
! "IRON" .» IRON " I 

' "ALUM" I S DOSE-NAME 

( INITIALIZE TO BE ALUM ) 

THESE ARE THE INPUT UALUES. 
THE ALKALINITY, PHOSPHATE CONCE'HTRATION, 

AND ALUM/'DOSE ARE THEN CONUERTED FROM 
THESE UALUES TO A MORE USEABLE FORM--
THAT I S , IN UNITS OF MOLES/L OR EQ/L. 

R STAYS THE SAME THROUGHOUT THE PROGRAM 



-======****** 7 *****»======>.-
\S 

10.0 -2.14 F t 
I S . a -7.21 F t 
l a . S -12.35 F t 

1.0E-14 
l a . a -e.35 F t 
l a . a - i a . 3 F t 

FCONSTANT KPl 
FCONSTANT KP2 
FCONSTfiNT KP3 

FCONSTHHT KW 
FCONSTHNT KCl 
FCONSTANT KC2 

CONSTANTS 
K 
P I 

K 
P3 

K 

2. 1 
l e 

12.3 
l a 

6.3 
C l = l a 

K 
P2 

K 

K 
C2 

- 7 . 2 1 

l a 

-14 
l a 

- i a . 3 
l a 

i.ae+6 FCONSTANT K 
l a . a i a . 3 F t FCONSTANT »KSO 
l . a E - 5 FCONSTANT • K I 
l a . a -3.7 F t FCONSTANT •K2 
18.a -6.5 F t FCONSTANT *K3 
18.a -8.1 F t FCONSTANT •K4 

300000.0 FCONSTANT ALT.SCALAR 
--> 
( WL USE ACTUAL EXPONENTIATION DUE 
TO TRUNCATION OF POWERS 
WHEN WE USE "E" NOTATION ) 

K 

SO 

•K 

tK 

It K 

34 
= l a 

18.3 
s o « l a 

-5 
10 

-B.5 
10 

6 
l a 

< SET UP FOR A1..UN' ) 

*K 

-*K 
4 

-3.7 
= 10 

•8. i 
= 10 

( SOMETIMES PRINTER DOESN' T SHOW -' S ) 

======•••••• 8 • • » • • • = — « = » 
\, PH, ALT, ALPHA UARIABLES. 

FUARIABLE ALK 
FUARIABLE PH 
FUARIABLE ALT 

FUARIABLE ALPHA.PI FUARIABLE ALPHA.PIS 
FUARIABLE ALPHA.P2 FUARIABLE ALPHA.P20 
FUARIABLE ALPHA.P3 FUARIABLE ALPHA.P30 
FUARIABLE ALPHA.Cl FUARIABLE ALPHA.C10 
FUARIABLE ALPHA.C2 FUARIABLE ALPHA.C20 

FUARIABLE ALPHA.A0 

ALK I S THE ALKALINITY IN EG/L 
PT I S P IN MOLESz-L 

T 

H+ I S INITIALLY PH 
CALCULATED TO BE 10 

ALT I S AL , ALUM DOSE IN MOLES/L 
T 

IN THE CASE OF THE FERRIC CHLORIDE M O D E L 

FUARIABLE ALPHA.Al WE STIL L USE THE WORDS THAT SIGNIFY 
FUARIABLE ALPHA.A2 ( ALUMINUM ALPHAS ) ALUM INPUT. REALLY ONLY THE CONSTANTS 
FUARIABLE ALPHA.A3 
FUARIABLE ALPHA.A4 

FUARIABLE DELTA.P 
FUARIABLE DELTA.AL 
FUARIABLE SLUDGE 

AND THE OUTPUT I S CHANGED FOR IRON. 
SINCE THE MODEL ORIGINALLY RUNS AS 
ALUM, WE GIUE EVERYTHING ALUM NAMES... 

THE ALPHA UALUES ENDING IN 0 
CONTAIN THE ORIGINALLY CALCULATED 
UALUES. THEY ARE SET BY THE WORD 
"BACKUP" 



= = = = = = * • * * • * S * * * » » * = = ~ = s t -
•N SPECIES fWND OTHER UARIABLES 
F'JflRIABLE CT 
FUARIABLE CA 

FUARIABLE C03--
FUARIAELE HC03-
FUARIflBLE P04 
FUARIABLE HP04--
FUARIABLE H2P04-
FUARIABLE OH-

i-VARIABLE H+ 
FUARIABLE PS 
FUARIABLE PS.TRIAL 
FUARIABLE (HC03-) 
FUARIABLE (P04---) 
FUARIABLE AL+3 
FUARIABLE AL+3.LIMIT 

FUARIABLE C 0 3 - - a 
FUARIABLE HCO3-0 
FUARIABLE P04 0 
FUARIABLE HPO4--0 
FUARIABLE H2PO4-0 
FUARIABLE OH-0 

FUARIABLE H+0 
FUARIABLE PS0 

--> THESE ARE DATA CELLS miCM ARE CAL­
CULATED IN "CALC-SPECIES-DIBTRIB" 

FIRST, C I S CALCULATED, THEN,,-. 
T 

C03--

P04 

HP04--

CO 
— 

P0~~ 
4 

HPO 

HC03-

OH-

HCO 

= OH 

4 
H2P04- H PC 

2 4 

(HC03-) AND (PC4---), IN PARENTHESES. 
ARE NOT TO BE CONFUSED WITH THE SPECIES 
DISTRIBUTION. 
AL+3 AND AL+3.LIMIT ARE USED IN THE 

FUARIABLE C I 

FUARIABLE PT 

SOLUBILITY-EXCEEDED ROUTINE. 
PS0 I S THE INITIAL PS, SAUED WITH 
THE FIRST CALCULATION. 

PT I B TOTAL PHOSPHATE. 

_ 10 
\O 

i KSO.ALUM 
10.0 -25.0 R F@ F* F i + F t ; 

: KSO.IRON 
10.0 15.0 R F® F* 54.6 F+ 2.0 
FNEGATE F t ; 

( STILL ACTS AS A CONSTANT ) 

DEFER KSO 

' KSO.ALUM I S KSO ( START UP AS ALUM ) 

SINCE KSO WAS ORIGINALLY DESIGNED TO 
BE A CONSTANT, WE WANT KSO TO RETURN 
A VALUE ON THE STACK. 

SINCE WE CHANGED KSO TO BE A FUNCTION 
OF R, I T CAN NO LONGER BE A CONSTANT. 

HOWEVER, TO MAINTAIN INTEGRITY. WE 
DO NOT MAKE KSO A VARIABLE BECAUSE SO 
MUCH OF THE PROGRAM ALREADY EXISTS 
WITH KSO USED AS A CONSTANT. 

THUS, WE HAVE IT RETURN THE UALUE ON 
THE STACK. 

A PROBLEM I S THAT THIS UALUE I S COMPUTED 

EUERY TIME I T ' S CALLED, WHICH I S SOME­
WHAT INEFFICIENT. 

--> 

I 



\S 
DEFER F(X) 
FURRIftELE OLD.PCX) 
FUARIABLE MULT 

: SOLUE-TILL-CROSS 
BEGIN 

SOLUTION F@ 

11 ••••••sisasss 

DEFER ROOT 
FUARIABLE OLD.ROOT 
FUARIABLE SOLUTION 

( -- ) 

MULT HOLDS THE AMOUNT TO MULTIPLY 
BY EACH PASS THROUGH. WE START OUT 
MULTIPLYING BY 10 EACH TIME T I L L WE 
CROSS THE ROOT. THEN WE DIVIDE BY 
THE SQUARE ROOT OF 10 T I L L WE CROSS. 
THEN WE MULTIPLY BY THE SQUARE ROOT 
OF THE SQUARE ROOT OF 10 UNTIL WE CROSS. 

OLD.FCX) F l 
ROOT F@ 
FDUP' 
OLD.ROOT F! 
MULT F@ 

AND SO ON, UNTIL WE GET A CLOSE 
ENOUGH ANSWER. 

F ( X ) AND ROOT ARE DEFERRED SO DIFFERENT 
EQUATIONS/ANSWERS CAN USE THIS EQUATJOH-

F* 
ROOT F! 

F(X ) 
OLD.F(X) F@ 
F* 
F0> NOT 

UNTIL ; 
--> 

SOLVING METHOD. 

OLD.F(X) AND OLD.ROOT HOLD THE PREVIOUS 
X AND F ( X ) UALUES. 

SOLUE-TILL-CROSS STARTS TRYING OUT THE 
ROOTS, MULTIPLYING BY "MULT" EACH TIME. 
UNTIL I T HAS GONE TOO FAR AND CROSSES 
THE X-AXIS. 

=====»•••••*. 12 ••••»•==«=.=«—-
\T 
s GET-ROOT ( ROOT ) 

1.0E-9 ROOT F l 
F ( X ) OLD.F(X) F! 

10.0 FDUP MULT F l 
ROOT F@ ROOT F! 

F ( X ) FDUP OLD.FCX) F® F * F0< 
I F FDROP MULT F a -0.5 F t 

( CROSSED AXIS ALREADY, F I X NOW ) 
ELSE FDUP OLD.F(X) F@ F- F* F0> 

I F MULT F@ -1.0 F t 
ELSE MULT F@ 
THEN ( MULT ON STRCK ) 

THEN 
5 0 DO ( * OF TIMES TO ITERATE ) 
FDUP MULT F! 
SOLUE-TILL-CROSS -0.5 F t 

LOOP FDROP 
ROOT F@ OLD.ROOT F@ F+ 2.0 F/ ; 
< TAKE AVERAGE OF LAST 2 ROOTS ) 

--> 

GET-ROOT STARTS WITH A SEED OF l E - S . 
IT I N I T I A L I Z E S OLD.F<X> AND MULT. 
THEN, IT TRYS F(NEW X) AND CHECKS TO 
SEE I F I T HAS ALREADY CROSSED THE 
X AXIS. I F SO, IT GETS THE SOUARE-ROOT 
RECIPROCAL TO START TESTING IN THE OTHER 

DIRECTION AND WITH SMALLER INCREMENTS. 
OTHERWISE, IT CHECKS I F THE 
Y UALUE I S FARTHER AWAY FROM 
THE X AXIS THAN THE PREVIOUS Y UALUE. 
I F SO, I T REVERSES THE DIRECTION OF 
THE TESTING BY SETTING MULT TO I T S 
RECIPROCAL. 

THEN, IN A LOOP, I T APPLIES THE TRIAL 
ROOTS TO THE FORMULA UNTIL THE X-AXIS 
I S CROSSED. THEN I T ALTERS MULT TO 
REVERSE DIRECTION WITH SMALLER INCRE­
MENTS, AND REPEATS. 
WHEN THIS I S DONE, THE ROOT I S DETER­
MINED BY TAKING THE AVERAGE OF THE 
LATEST ROOT AND THE PREVIOUS ROOT. 

-TT . ' i l 



\S 
! INITiALK ( > 
C BLKAL1NITY(MG/L) F@ 50080.0 F/ J 
ALK F l ; 

: INIT:PH ( --- ) 
PH.INPUT F@ PH F! ; 

: INITsPT < --- > 

C PHOSPHATE.CONC<MG/L) F€> 31000.0 F/ 
PT F! 5 

J'lNIT:H+ ( ) 
C 10.0 C PH FO FNEGATE J F t 3 
H+ F l ? 

I INITsALT ( --- ) 
ALUN.DOSE(NG/L) F® ALT.SCALAR F/ 
ALT F! ; 

: CONVERT-INPUTS INITsALK INIT:PT 
INIT:PH INIT:H+ INIT:ALT ; 

--> 
THESE ARE THE AOS/ENGLISH REPRESENTA­
TIONS OF THE CALCULATIONS. AS 
IN PASCAL, MEANS "GETS") 

ALK.MG/L AS CAC03 

ALKALINITY, EG/L ?* 

0 B0.000 

PHOSPHATE IN MG/L AS P 
P MOLES/L 5= 
T 31,00® 

-PH 
H+ := 10 

ALUM (F E C L ) DOSE IN MG/L 
AL := 

T MOLES/MG 

AL I S THE ALUN DOSE OR FECL DOSE IN 
T MILLIGRAMS/LITER. M01_ES/MG I S 

30000© <ALL»1> OR 5S000 (IRON). 
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\1 C A L C : A . C 2 C R L C - A L P H A S - - > 

: C A L C : A . C 1 ( - - - ) i 
C 1 . 8 A L P H A : = 

£ C H+ FQ K C l F/ 3 C l K 
£ 1 . 0 3 F+ H + C 2 
£ K C 2 H + F® F/ 3 F+ 3 F/ 3 + 1 + 

A L P H A . C l F! ; K H+ 
C l 

? C A L C J A . C 2 ( - - - ) K 
K C 2 H+ F® F/ A L P H A . C l F a F* C 2 
A L P H A . C 2 F l I A L P H A A L P H A < > 

C 2 C l H + 

! C A I X - A L P H A S < - - - ) • 
C A L C J A . P 2 

C A L C J A . P 1 C A L C ? A . P 3 
C A L C i A . C l C A L C J A . C 2 i 

\T 

i C A L C J C T < - - ) 
A L K F® P T F a A L P H A . P 2 F a F * F -
A L P H A . C l F® F / C T F l i 

--> 

C T 5' A L K - P A L P H A 
T P 2 

A L P H A 
C l 

( O R I G I N A L , NOT R E A L L Y N E E D E D ) 

C T 4 = 

K 
14 

A L K P A L P H A - 2 P A L P H A + < H + ) 
< H + ) T P 2 T P 3 

A L P H A + 2 A L P H A 
C l C 2 



5i===as=i=*.**»*.i». 15 *.*.i|i.*.*»=sa=i~ 
\I - - > 

i C A L C 5 A . P 1 < - - - > H + 
H + F® K P 2 F / A L P H A . P 2 F ® F * A L P H A ? = ( A L P H A ) 

A L P H A . P I F\ P I K P 2 
- - > P 2 

—==««*••* .•» I S • • * * • » = » = « 
\2 C A L C 4 A . P 3 - - > 

i C A L C ? A . P 2 ( ) ' 1 
€ 1 . 0 A L P H A ? = - -

£ £ 1 . 0 3 P 2 2 
£ H+ F@ K P 2 . F / 3 F + H+ ( H + ) 
£ £ H + F@ 2 . 0 F t 3 1 + • + 

£ K P l K P 2 F * 3 F / 3 F + K K K 
£ K P 3 H+ F@ F / 3 F + 3 P 2 P I P 2 

F / 3 
A L P H A . P 2 F ! ; K 

P 3 
A L P H A 5= ( A L P H A ) 

: C A L C : A . P 3 ( - - - ) P 3 H + P 2 
K P 3 H+ F@ F / A L P H A . P 2 F a F * 
A L P H A . P 3 F\

--> 

T r - 4 0 



I S 
\E S P E C I E S D I S T R I B U T I O N 

: C R L C J C O S - - < - - - > 

t C T A L P H A . C 2 F@ F « 3 C 0 3 - - F ! | 

: C A L C J H C 0 3 - ( - - - > 

£ C T F O A L P H A . C i F O F * 3 H C 0 3 - F l ? 

4 C A L C 4 P 0 4 - - - < - - - ) 

£ P S F O ALPHA-. P 3 F O F * 3 P 0 4 F 1 ; 

4 C A L C 4 H P 0 4 - - < - — 3 
£ P S F O A L P H A . P 2 F O F * 3 H P 0 4 - - F l ? 

4 C A L C 4 H 2 P 0 4 - < - — > 

C P S F O A L P H A . P I F® F * 3 H 2 P 0 4 - F l I 

4 C A L C 4 0 H - ( > 

K U H + F® F / O H - F l I 

CO 

3 

HCO 

P O " 
4 

H P O 

H P O 
2 4 

0 H ~ 

!= C A L P H A 

T C 2 

: = C A L P H A 
T C i 

4 = P A L P H A 
S P 3 

4=. P A L P H A 
S P 2 

4 * P A L P H A 
S P i 

4 = KW 

H + 

= = « = = • * • * » • 2 © •••»»»==L»« 
N C A L C - S P E C I E S B A C K U P 

4 C A L C - S P E C I E S < - - - ) 
C A L C 4 C 0 3 - - C A L C 4 H C 0 3 -
C A L C 4 P 0 4 C A L C 4 H P 0 4 - -
C A L C 4 H 2 P 0 4 - C A L C 4 O H - f 

4 B A C K U P 
C 0 3 - - V® C 0 3 - - © F l H C 0 3 - F® H C 0 3 
P 0 4 F® P 0 4 0 F l O H - F® O H - © 
H P 0 4 - - F® H P 0 4 - - © F l H + F® H + © 
H 2 P 0 4 - F® H 2 P O 4 - 0 F l 
A L P H A . C l F® A L P H A . C 1 0 F l 
A L P H A . C 2 F® A L P H A . C 2 0 F 1 
A L P l ^ . P l F® A L P H A . P l © F l 
A L P H A . P 2 F® A L P H A . P 2 0 F l 
A L P H A . P S F® A L P H A . P 3 0 F l ; 

- 0 F l 
F l B A C K U P S A V E S T H E I N I T I A L A L P H A A N B 
F l 

S P E C I E S D I S T R I B U T I O N . V A L U E S . 

A L L O F T H E V A L U E S E N D I N G W I T H 

• 0 » 



=SiM==i*.*.*.*.** 21 **.*.***===i=M.sa. 
\? CALCiPS© 

THERE I S EXCESS ALUM I F 
i EXCESS.ALUM? -4 

ALT FO AL > R <P + 10 > 
R FO T • T 
PT FO 1.0E-4 F+ F* F> ; 

5 CALCiPS® 
PT FO PLl FO R FO F/ F-

®.® FMAX < RESTRICT TO BE >* ® 3 

PS® F l ; 

--> 

AL 
T 

p i » P T -
S® R 

BUT IM CASE THE RESULT I S L E S S THEM 

ZERO, P I S SET TO 1 ^ EQUAL TO ZERO. 
S® 

= i a i = = i = * « . « . * . » * . 
--> 

1 - 4 2 



C A L C i C A . i 
S I I M S L E - P R E C I P I T A T E C A L C U L A T I O N O F C A 

C A L C i C A . 1 < - - - > 
R F O 3 . ® F * F 2 - A L P H A . P 2 © F O F * C A 4 = 
R F O 3 . ® F * F l - A L P H A . P l © F O F * F + 
R F O F / PLJ F® F » 

C A F l ,• < 3 R - 2 > < A L P H A > + < 3 R - 1 K A L P H A > 
P 2 0 P I ® 

<frt_ 3 
C A L L E D WHEN T H E R E I S 1 P R E C I P I T A T E 3 R T 

-> 

I T - + 3 



s i s sa ia s ia*** ,*** 2 5 
\> F I R S T F < H > C A L C U L A T I O N 

5 F i < H > < F P > 
C A L C - A L P H A S 
C A L C - S P E C I E S 

< WE N E E D A L P H A U A L U E S AND S P E C I E S 
D I S T R I B B E F O R E WE C A N C A L C U L A T E . 

C A F O 
O H - F O F + 
C 0 3 - - F O F 2 * F + 
H C 0 3 - F O F + 
H P 0 4 - - F O F + 
H+ F O F -
C I F O F - F D U P S O L U T I O H P i i 

F < H > s = C + <OH ) + 2 < C O ) 
A 3 

> 

+ < H C O ~ ) + < H P 0 ' > 
3 4 

- H + - C 
I 

2 S • * * * * * = B a M a s = ~ 
N C A L C s H + . l 

T O C A L C U L A T E H + , WE S E T F < H > T O BE 
4 C A L C 4 H + . i F < X ) , AND H+ T O B E T H E R O O T . 

V 3 F 1 < H > I S F < X ) , T H E N WE C A L L G E T - R O O T AND S T O R E 
V 1 H+ I S ROOT T H E R E ^ i L T I N H + . 
G E T - R O O T H+ F l I 

--> 



==i==i==i*.*iii.***. 2 7 
\S 
: C A L C 4 A . A © < - - > 

£ C 1 . ® 3 
£ • K i H + F O F / 3 r + 
£ £ • K i • K S F * 3 

£ H + F O 2 . 0 F t 3 F / 3 F + 
€ C £ * K i • K 2 F * 3 • K S F ^ 3 

£ H+ F O 3 . ® F t 3 F / 3 F + 

A L U M I N U M A L P H A U A L U E C A L C U L A T I O N S . 

0 L P H A 4 = 
A® 

• K i • K 1 ^ K 2 • K i ^ K 2 * K 3 * K i * K 2 * K 3 * « 4 

£ £ £ • K ® F* 3 
£ • K S • K 4 F ^ 3 F ^ 3 

C H + F O 4 . ® F t 3 F / 3 F + 3 
F i / X A L P H A . A ® F l 1 

4 C A L C 4 A . A 1 A L P H A . A ® F O • K i F ^ H + F O F / 
A L P H A . A i F l ? 

4 C A L C 4 A . A 2 A L P H A . A l F O * K 2 F * H + F O F / 
A L P H A . A 2 F l ? 

4 C A L C 4 A . A 3 A L P H A . A 2 F O • K S F * H+ F O F / 
A L P H A . A 3 F l ; 

4 C A L C 4 A . A 4 A L P H A . A 3 F O ^ ^ 4 F * H+ F O F / 
A L P H A . A 4 F l i 

4 C A L C - A L U M I N U M S < - - 3 
C A L C 4 A . A @ C A L C 4 A . A 1 
C A L C 4 A . A 2 C A L C 4 A . A 3 C A L C 4 A . A 4 ? - - - > 

1+ - - + + + 
2 3 4 

H + H+ H+ H+ 

A L P H A ( A L P H A 3 ( ^ K l / H + 3 
A l 4 « A ® 

f l L P H A 4 = ( A L P H A 3 ( • K 2 / H + 3 
A 2 A l 

A L P H A 4 = ( A L P H A 3 ( » K 3 / H + 3 
A 3 A 2 

A L P H A 4 » ( A L P H A 3 ( • K 4 / H + 3 
A 4 A 3 

====i=s=»* .** .»» . 2 8 • • • • * l 
N A . B F O R P H O S P H A T E R E S I D U A L 
F U A R I A B L E A F U A R I A B L E B 
F U A R I A B L E C F U A R I A B L E D 
4 C A L C 4 A 

£ £ C H + F O 2 . 0 F t 3 
£ K P 2 K P 3 F * 3 F / 3 

y € £ H + F O 3 
£ K P 3 3 F / 3 F + 3 

ft F V ? 
4 C A L C 4 B 

£ C R F O £ F D U P F l - 3 F S W A P F / . 3 

£ £ K £ K S O R F O 
F l / X F t 3 F ^ 

£ H + F O £ 5 . 0 R F O F* 3 . 0 F -
R F O F / 3 F t 3 F * 3 

£ € KW 
£ R F O 

£ £ F D U P 3 . 0 F*. 3 3 . 0 F - 3 
FSWftP F / 3 F t 3 

£ K P 2 K P 3 F ^ 3 F + 3 F / 3 F ^ 3 
B F l ? 

- - > 

ft, B , C , ftMD D ftRE T H E C O E F F E C I E H T S 
FOR T H E P E<3UftTI0M. 

F 

H + H + / 
ft 4 = + 

K K K 
P 2 P 3 P 3 

( 5 R - 3 3 / R 
K ( K . l ' / R 3 ( H 3 

R - 1 S O 
B 4 « ( - - - 3 ( 3 

R ( K 3 R - 3 / R 3 ( K 3 ( K 3 
W P 2 P 3 



» ^ n L = = = i * * * * . * * . 2 3 *.*.S!i.#.*iiS.si=i=iss=;L= 
N C. D FOR P H O S P H A T E R E S I D U A L 

3R-3/R 
J CALC IC ( K i / R > <H+ 

i £ R F O F i / X 3 i S O 
£ £ K S O F O U E R F t 3 C « * < - > < 

£ H+ F # £ R F O £ £ F D U P 3 . 0 F * 3 R 3 R - 3 / R 
3 . 0 F - 3 F S l ' i A P <K > 

F / 3 F t 3 F * W 
£ KW £ R F O C £ F D U P 3 . 0 F * 3 

3 . 0 F - 3 FSWftP 
F / 3 F t 3 F / 3 F * ' < 1 + ft + A + A + A 

£ 1 . 0 A 0 A l A 2 £ 
£ A L P H A . ft0 F O 3 F + 
£ A L P H A . A l F O 3 F + 
£ A L P H A . A 2 F O 3 F + 
£ A L P H A . A 3 F O 3 F + 3 F * 3 

C F l ; i d 4 = P - < A L 3 
T T 

! C A . ^ C 4 D 
£ P T F O R 

£ A L T F O R F O F / 3 F - 3 
D F l ? 

- - > 

3 0 

\4 3 F < P 0 4 3 « * 

4 F < P 0 4 - - - 3 < - - - F I P 0 4 3 3 R - 1 
( P 0 4 - - - 3 F O 
A F O F O U E R F * \F A » P F R 

A P + B P - C P 
F O U E R R F O F D U P 1 . 0 F - F F 
F S W A P F / F t 
B F O F * F + \F A » + B * 

F S W A P R F O F l / X F N E G A T E F t 
C F O F * F - \* 

D F O F - \* 
F D U P S O L U T I O N F l 5 

I X - 4 6 



====i==i|i,i4i,**** 3 1 •**.*iiLiii.=sa=wi=3i 
\4 > 

! C A L C 5 < P 0 4 - - - > < - - ) TO C A L C U L A T E ( P 0 4 - - - i , WE F I R S T 

C A L C J A C A L C J B C A L C S C C A L C J D 

V2 F ( P 0 4 - - - 3 I S F < X 3 C A L C U L A T E THE C O N S T A N T C O E F F E C I E H T S 

V 2 < P 0 4 > I S ROOT 

GET-ROOT ( P 0 4 - - - ) F l ; A, B , C , AND D. THE WE SET F<X> T O 

- - > C A L L F ( P 0 4 - - - > A N D SET THE ROOT TO B E 

< P 0 4 - - - > , A N D C A L L THE EOUATlON-SOLUER 

s s s s s s * . * * * . * . * . 32 • • • • • • s a s K K S a a i 

N C A L C J P S . T R I A L T R I A L P 4 * 
4 C A L C 4 P S . T R I A L < - - 3 S 

£ C £ £ H + F O K P 3 F / 3 < 2 3 
C C H + F O 2 . ® F t 3 £ H+ < H + 3 3 

C K P 2 K P 3 F * 3 F / 3 F + 3 < P 0 4 3 * < + 3 
< P 0 4 - - - 3 F O F * 3 . £ K K K 3 

< P 3 P 2 P 3 3 

£ £ £ K 3 < 3 

£ K S O R F O F l / X F t 3 F * 
£ H + F O £ 2 . 0 P -

£ £ £ R F O 3 . 0 F * 3 3 . 0 F - 3 i 3 R - 3 / 
R F O F / 3 F + 3 F t 3 F * - 2 + / R R 

£ < P 0 4 3 F O K * K R » < H + 3 • < P 0 4 3 

£ R F O F i - R F O F / 3 S 0 
F t 3 F * 3 + 

£ £ K P 2 3 C K P 3 3 F * 3 R - 3 / 
£ KW £ £ £ 3 . 0 R F O F * 3 3 . 0 F - 3 K K K / R 

R F@L F , z 3 F t 3 F * 3 F / 3 F + 3 P 2 P 3 W 
P S . T R I A L F l 5 

4 C A L C - R E S I D U A L 
C A L C 4 £ P 0 4 - - - 3 
C A L C 4 P S . T R I A L ; - - > 

1 1 - 4 1 



si=3i==ssa****a.* 33 • ^ • • • • a B i s 
\? R E C A L C . P S 

5 R E S I D U A L . O F F ? 
P S . T R I A L F ® P S F O F / £ R A T I O > 
F i - ( HOW H O P E F U L L Y I H R A N G E - . 1 + . ! > R E S I D U A L . O F F ? R E T U R N S T R U E I F WE 
F A B S 0 . 1 F > I £ T R U E I F I N A C C U R A T E > 

? R E C A L C J P S 

P S F O P S . T R I A L F O F + 2 . 0 F / P S F l ; 

E S T I N A T E D WR£3NGLV A B O U T T H E P R E C I P I T A ­

T I O N , N E A N I N G T H A T WE S H O U L D C A L C U L A T E 

F£>R A L U H I N U M H Y D R O X I D E P R E C I P I T A T I O N . 

-- > 
F A L S E O T H E R W I S E . 

R E C A L C J P S T R Y S A NEW U A L U E O F P 

B Y T A K I N G T H E A U E R A G E O F T H E P U A L U E 

S 

J U S T C A L C U L A T E D W I T H T H E P R £ U I £ > U S P 

S 

3L-48 
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N A M Y . P R E C I P I T A T E ? 

! A M Y . P R E C I P I T A T E ? 
C C £ A L T F O A L P H A . A S F O F * 3 

R F O F t 3 
£ P T F O 3 F* 
r. A L P H A . P 3 F O 3 F * 
£ £ KW H+ F O F / 3 

£ £ R F O 3 . 0 F * 3 3 . 0 F - 3 
F t 3 F * 3 

T H E R E I S O N E P R E C I P I T A T E , mJ Z E R O . I F 

3R-3 
•T K -1 

U A L > < A L P H A > \<P > < A L P H A > <' » 

L . T A © - ' * ! P 3 « l . H + > 

K S O F > 5 

- - > 

I S G R E A T E R T H A N K 
S O 

3 S • * * « . * * = 
\I 

C A L C 4 C 1 < ) 
£ £ H P 0 4 - - © F O 

£ C O 3 - - 0 F O F 2 * 
£ H C O 3 - 0 F O 
C 0 H - © F O 
£ H + © 

C I F l ; 

3 
3 
3 
3 
3 

F + 
F + 
F + 
F - 3 

C A L C U L A T I O N O F C 

C H P 0 4 + 2 < C 0 3 > + H C 0 3 
I © 0 © 

--> 
+ O H - <H+ ) 

0 

1L-4-9 



37 ••••••ss: 
\) T H E Z E R O - P R E C I P I T A T E C A L C U L A T I O N OF 

5 F 0 < H > £ - - F P > 
C A L C - A L P H A S C A L C - A L U N I N U N S 
£ C I F® 

H+ F O F + 
£>H- F O F -
£ C T F O 

£ A L P H A . C l F O 
A L P m . C Z F O F 2 * F + 3 F » 3 F -

£ P T F O 
£ A L P H A . P 2 F O 

A L P H A . P 3 F O F 2 * F + 3 F * 3 F -
€ A L T F O 

£ A L P H A . A l F O 
A L P H A . A 2 F O F 2 * F + 
A L P H A . A 3 F © 3 . ® F * F + 
A L P H A . A 4 F O 4 . 0 F » F + 3 

F * 3 F - 3 
F B U P S O L U T I O N F\

F £ H > 4 = C + £ H + > - £ O H - > 
I 

+ C £ A L P H A + 2 £ A L P H A >> 
T C l C 2 

+ P £ A L P H A + 2 £ A L P H A ) > 
T P 2 P 3 

+ A L £ A L P H A + A L P H A + A4-PHA 
T A 0 A i A 2 

+ A L P H A ) 
A 3 

N C A L C 4 H + . 

C f L C 4 H + . © 
£ ' 3 F 0 £ H > I S F £ X > 
L' 3 H + I S R£>OT 
£3ET-R£>0T H + F l £ 

T H I S I S T H E C A L C U L A T I O N F O R H + I-IHEN 

T H E R E A R E N O P R E C I P I T A T E S . I T I S 

C A L C U L A T E D B Y S E T T I N G S F £ X > T O 

C A L L F © £ H ) ANB B Y S E T T I N G H + T O B E 

T H E R O O T U A R I A B L E . 

I 
TL-50 
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\L 

5 C A L C 5 P H . F I N A L 
u * fax F L O G F N E G A T E P H F 1 ? 

- P H 
S I N C E H + * 1 0 , P H 5 * - L O G £ H + i 

DON' T Y O U A G R E E ? 

4 0 • • • • • • = = = i « 
\L 

: C A L C 5 A L K . F I N A L 
H C 0 3 - F O C 0 3 - - F O F 2 * F + H 2 P 0 4 -
F O F + H P 0 4 - - F O F 2 * F + 
O H - F O F + H+ F O F -
A L K F l 5 

--> 

F I N A L A L K A L I N I T Y C A L C U L A T I O N ? 

A L K i = 

H C O + 2< C O ) + H P O + 2< HPO 3 
3 3 2 4 4 

+ O H - <H+> 

1 - 5 1 
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\> 

i F2<YH> < F P > 
C i C I Fsx F ^ I E G B T E I 

C H t F # I F -
C € C C H t F ^ K C i FF F i t I 

C K C 2 H+ F # F . ^ I F t F i / X I 
C K C 2 F 2 * H t F€^ F ^ F i t I 

F ^ I C T F # F*}K I F t 
C C P FCa I F t I F D U P S O L U T I O ? 4 F\

2 - P R E C I P C P L C U E A T I O H O F H+ 
p.(^H+) ? = - C - < H + i + C + 

< < 1 ) < 2 K C ) ) 

C ( < > t 2 ) 3 
T£ < H+ K ) * £ i + > > 

£ £ - - + 1 + C 2 ) £ H + 3 3 
£ K - - - 3 £ 3 
£ C l H + 3 £ 3 

4 R : S R - 3 
T H I S P A R T £ H + 3£ » K S O 3£K14 
<311NITTED. + 

K K 
F 3 S O 

£ 4 2 3 
3 < _ -J 

* K £ H + 3 £ 4 2 3 
S O £ H + H+ 3 

« K 1 * K 2 * K 3 * K 4 • K 1 * K 2 

==sB«=i!i,*.«.i(sjM!. 44 
\2 

: C B L C 5 H + . 2 
V 1 F 2 £ H 3 I S F £ X 3 
V J H + I S R£30T 
£ 3 E T - R O 0 T H+ F 1 j 

--> 

S I M I L A R T O T H E F I R S T C A L C U L . A T I O N £3F H + . 

2 C A L C 5 H + S E T S F £ X 3 T O B E F 2 £ H 3 

S E T S T H E R£30T T O B E H + 

G E T S JHZ R£30T AND S T C J R E S I T I N H+ 

TL-52 



4 5 * * » * * * = 1 = = « . 
\J < P 0 4 > . F I N A L C A L C J P S . F I N A L 2 P P T J F I N A L C A L C U L A T I O N O F < P 0 4 3 1 5 J 

5 CmjZt < P 0 4 - - - 3. F I N A L 

K S O K S O 

• K S O R F O F t < P 0 4 - - - 3 J = 

KV; R F O 3 . 0 F * 3 . 0 F - F t R 3 R - 3 3 
F * H + F # 3 . 0 F t F * • K S O KW £ H + 3 
F / 
< P 0 4 3 F 1 ? 

F I N A L 2 - P P T C A L C U L A T I O N O F P S I S J 

5 C A L C J P S . F I N A L £ - - - 3 C 2 5 3 

£ £ P 0 4 3 F O £ H+ £ H + 3 K£^W<S0 3 £ H + 3 3 

C C H + F O K P 3 F / J P i = £ P 0 4 - - - 3 C - - - + + 3 

£ € H+ F O 2 . 0 F t 3 S CKP K P K P K P K P 3 

£ K P 2 K P 3 F ^ 3 F / 3 F + 3 2 3 2 3 
£ £ K • K S O F ^ 

H + F O 5 . 0 F t 
F ^ 3 

£ K P 2 K P 3 F ^ 3 F / 3 F + 3 F ^ 3 
P S F l ; 

--> 

=.=isa=sisa**.Jis.*».<jL 4S • • • • • • s » s s = : 

\H UECT£3R, B£3£>LEAN U A R I A B L E S . 

D E F E R P A T H 

J 0 - P R E C I P 

. " £ 0 P R E C I P 3 ° ; 
J 1 - P R E C I P 

. " £ 1 P R E C I P 3 ° ; 
J 2 - P R E C I P • 

. " £ 2 P R E C I P 3 " ; 
! 1 3 2 - P R E C I P 

. " £ 1 > 2 P P T 3 " i 
U A R I A B L E S O L I D S U A R I A B L E P R I N T E R 
V A R I A B L E W A I T I N G U A R I A B L E F £ > R C E - 2 
U A R I A B L E 2£3£3W V A R I A B L E D 2 0 0 N 

--> 

M A I N . C A L C S E T S U P P A T H T O R U N T H E 
A P P R O P R I A T E W£3RD. 

T H E S E W£3RDS A R E U S E D T O S I G N I F Y 
W H I C H " P A T H " WAS T A K E N THR£3UGH T H F 
P R O G R A W - - NO P R E C I P I T A T E S , O N E , TWO. 

OR O N E M O D I F I E D T O TWO. 

P A T H I S A D E F E R R E D WORD W H I C H I S S E T 
I N M A I M . C A L C T O R U N A N Y £3F T H E W£3RDS 
© - P R E C I P , i - P R E C I P . 2 - P R E C I P . 
OR 1 3 2 - P R E C I P , 

31'53 



--> 

5 0 • • • • • • s s s s i s s - ^ - -
X M A I N . C A L C 
5 N A I N . C A L C < > C O N V E R T - I N P U T S 

P T F O P S r i C A L C - A L P H A S C A L C s C T 
C A L C - S P E C I E S B A C K U P F O R C E - 2 O 
E X C E S S . A L U M ? OR 
NOT I F V 3 1 - P R E C I P I S P A T H 

C A L C : P S © P S © F O P S F l 

C A L C : C I C A L C : C A . l 
C A L C : H + . 1 C A L C - A L U M I N U M S 
C A L C - R E S I D U A L R E C A L C : P S 
B E G I N C A L C : H + . i C A L C - A L U M I N U M S 

C A L C - R E S I D U f ^ 
R E S I D U A L . O F F ? . R E C A L C : P S 

NOT U N T I L 
A N Y . P R E C I P I T A T E ? NOT 
I F £ ' 3 © - P R E C I P I S P A T H 

C A L C : C I 
C A L C : H + . © C A L C : P H . F I N A L 
P T F O P S F l < C A L C : A L K . F I N A L 3 
© . a S L U D G E F l E X I T 

T H E N S O L U B I L I T Y . E X C E E D E D ? 
I F C 3 i > 2 - P R E C I P I S P A T H T R U E 

E L S E ? C A L C : S L U D G E / 1 F A L S E T H E N - - > 

1 3 C O N V E R T I N P U T V A L U E S . 2 3 S E T P S T O 
E Q U A L P T . 3 3 C A L C U L A T E A L P H A S , C T , 
S P E C I E S D I S T R I B U T I O N . 4 3 S A V E A l _ P H A S 
AND S P E C I E S . 5 3 I S T H E R E E X C E S S A L U M ? 
OR I S F O R C E - 2 O N ? 
S 3 I F N O T , A N N O U N C E ONE P R E C I P . 7 3 C A L ­
C U L A T E P S © , S T O R E P S © I N T O P S . S 3 C A L C U ­
L A T E C I AND C A < W I T H T H E 1 - P P T F O R M U L A 3 
3 3 I M A L O O P , C A L C U L A T E H + W I T H 
S U C C E S S I V E A P P R O X I M A T I O N S . F I N D T H E A l . 
A L P H A S , AND C A L C U L A T E P S . W H I L E T H E 
R E S I D U A L I S I N A C C U R A T E , T A K E T I C M E A N 
AND R E P E A T T H E L O O P . 1 0 3 NOW C H E C K T O 
S E E I F T H E R E I S I N D E E D A N Y P R E C I P I T A T E . 
1 1 3 I F T H E R E I S N ' T , ANNOUNCE Z E R O P P T S . 
1 2 3 C A L C U L A T E C I , H + , AND A F I N A L P H . 
1 3 3 S T O R E P T I N T O P S , C f C C U L A T E F I N A L 
A L K A L I N I T Y , AND E X I T T H I S R O U T I N E . 
1 4 3 < C O N T I N U I N G W I T H 1 P P T 3 C H E C K I F 
S O L U B I L I T Y I S E X C E E D E D . I F S O . ANNOUNCE 
T L C R E I S l - > 2 P P T S , AND L E A V E A " T R U E " . 
1 5 3 E L S E L E A V E " F A L ^ " A N D M A Y B E C A L C 
T H E S O L I D S . . . WE WON' T DO 2 - P P T . . 
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= a i = i = M * * * . * . * . » 5 1 
X W A I N . C B L C , C O N T I N U E D F . 

E L S E £ ' 3 2 - P R E C I P I S P A T H T R U E 
T H E N 

I F C A L C s C I C A L C : C A . 2 C A L C 4 H + . 2 
C A L C - A L P H A S C A L C - S P E C I E S 
C A L C : < P 0 4 - - - ) . F I N A L C A L C : P S . F I N A L 
? C A L C : S L U D G E / 2 

T H E N 
C A L C : A L K . F I N A L C A L C : P H . F I N A L ; 

i B > O T H E R W I S E , £ FROM A B O V E , N E A H I N G 
T H A T T H E R E W A S E X C E S S A L U I 4 > AHNCAiNCE: 

T H A T T H E R E A R E 2 P R E C I P I T A T E S fHHB L f l A i i E 
A " T R U E " . 
1 7 3 I F T H E F L A G L E F T £3N T H E S T A C K 
I S T R U E , T H E N LIE DO T H E 2 - P P T C A L C . 
I F S O . . . 
i S 3 C A L C U L A T E C I AND C A , H+ 
1 3 3 C A L C U L A T E A L P H A S AND S P E C I E S 
D I S T R I B U T I £ 3 N . 2 0 3 C A L C U L A T E A FimL P S , 
2 1 3 P O S S I B L Y C A L C U L A T E T H E S O L I D S 
2 2 3 I N E I T H E R C A S E £ 1 OR 2 P P T S 3 

C A L C U L A T E A F I N A L A L K A L I N I T Y AND P H . 

: F . £ S M A L L E R P R E C I S I O N H E R E 3 
l © e © . © F * FR£X1ND 1 0 0 0 . 0 F / F . ? 

- - > 

s s a M s s . * * * * * * 5 2 
X SOFl 7 © L O A D , R A N G E V A R I A B L E S 

H E R E WE L£3AD T H E S C R E E N T H A T B R I N G S 
1 3 7 L O A D £ G E T S O F T S E V E N T Y 3 U P S O F T - S E V E N T Y 

F U A R I A B L E A L K . I N I T I A L 
F V A R I A B L E A L K . F I N f L 
F V A R I A B L E A L K . I N C T H E S E A R E T H E R A N G E V A R I A B L E S T H A T 

F V A R I A M . E P H . I N I T I A L A R E S E T U P FR£3M " R A N G E S " 
F V A R I A B L E P H . F I N A L 
F V A R I A B L E P H . I N C 

F V A R I A B L E P H O S . I N I T I A L 
F ' U A R I A B L E P H O S . F I N A L 
F V A R I A B L E P H O S . I N C 

F V A R I A B L E D O S E . I N I T I A L 
F V A R I A B L E D O S E . F I N A L 
F V A R I A B L E D O S E . I N C 

1 - 5 5 



s==.=.=i=s***ji(.*,* 5 3 ^ . • • • • • a i s 

- - > \S 

; T A B 3 S C l ; 

T A B S E T S A P P L E L O C A T I O N 3 B . W H I C H H C C B S 
T H E H O R I Z O N T A L T A B U L A T I O N . 
0 T A B I S T H E L E F T E D G E C^F T H E S C R E E N . 

P R I N T - V A L U E S 
C R . " » P A T H C R 

C R C 0 3 - - 4 " C 0 3 - - F O F . 
2 5 T A B H C 0 3 - 5 " H C 0 3 - F O F . 
C R , ' P 0 4 : " P 0 4 F O F . 
2 5 T A B . " H P 0 4 - - : " H P 0 4 - - F O F . 
5 0 T A B H 2 P 0 4 - i ° H 2 P 0 4 - F O F . 
C R . " O H - : " O H - F O F . 
C R . " A L K : " A L K F O 5 0 0 0 © . © F * F , 
C R 2 5 T A B . " P H : " P H F O F . 
5 © T A B . " P T : " P T F O F . 
C R . " P S : " P S F O 3 1 0 0 0 . © F * 
< C O N V E R T W O L E S / L I T E R T O 

N G / L I T E R A S P > F . . " N G / L " 
C R C R I 

===u=;a=s*.***iMl. 5 4 
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= = = ! = = = • • • * » • 5 5 * * * * * « . = = s i = = = 
\R 

! A S K E R HOME 
A L U M D O S E £ I - I G / L ) ? " 

I M P U T E * A L U M . D O S E < M G / L > F l C R 
A L K A L I N I T Y < t 4 G / L > ? " 

I N P U T F * A L K A L I N I T Y ! M G / L 3 F l C R 
. " P H O S P H A T E C O N C E N T R A T I O N < M G / L 3 " 
C R . " ? » 
I ^ P U T F * • P H O S P H A T E . CONC< M G / L 3 F I C R 

< . " P H ? " 
I N P U T F * P H F l C R 

R E A C T I O N R A T I O O F 1 . 4 ? ° Q U E R Y - Y / N 
I F 1 . 4 
E L S E C R . ° R E A C T I O N R A T I O ? " 

I N P U T F * C R 
T H E N R F l 3 

1 . 4 R F l 8 . 5 P H F l 
N A I N . C A L C 
P R I N T - V A L U E S ? 

--> 

M a a a s i s i * . * * * * * . 56 • • • • • • s M M i a a s s a a 
\R 

: P R I N T - F O R - F I M D E R 
C R 
! © • S P A C E S 

. " A l k = " 
A L K A L I N I T Y ! M G / L 3 F O F . 

P h o s p h a t e « " 
P H O S P H A T E . C O N C ! M G / L 3 F O F . 

. " p H ? i n i t i a l » " 
P H . I N P U T F O F . ? 

--> 

< L O W E R C A S E WORDS H E R E 3 

1 - 5 1 



- - s i - s t a i * * * * * * 5 7 
N 1 - C Y C L E 

; 1 - C Y C L E 
m i N . C A L C 

C R S P A C E B 0 S E - H A t 4 E . " D O S E = " 
A L U M . D O S E ! t 1 G / L > F O F . 

. ••' A L K = » 
A L K A L I N I T Y ! M G / L > F O F . 

. " P H O S P H A T E » " 
P H O S P H A T E . C O M C ! M G / L 3 F O F . 

. " P H i I N I T I A L =. " 
P H . I N P U T F O F . 5 S P A C E S C R 

. " F I N A L P H = " 
P H F O F . 

. " F I N A L A L K = " 
A L K F O 5 0 0 8 © . © F * F . 

. » P S = " P S F O 3 1 0 0 © . © F * F . 
P A T H 
S O L I D S O I F C R . " S O L I D S ! M G / L 3 * " 

S L U D G E F O F . 
T H E N CR i 

--> 

5 8 
\. S C A L E D O S E . S C A L E 

5 P S . S C A L E ! - - - V - C O O R D 3 
P S F O 3 1 © © © . © 
F * 
DZOOM O I F 0 . 1 E L S E ZOOM O I F 1 . 0 
E L S E 1 0 . 0 T H E M T H E N 
F / 1 5 0 . 0 F * FR0Ut4D 3 2 0 ^ . 0 F M I M 
A B S O L U T E 1 4 3 SWAP - 1 © + © MAX 
! 1 5 3 M I N 3 i 

I D O S E . S C A L E ! - - - X - C O O R D 3 
A L U M . D O S E ! M G / L 3 F O D O S E . I N I T I A L F O F 
D O S E . F I N A L F O D O S E , I N I T I A L F O F -
F / ! NOW A F R A C T I O N 3 
2 6 9 . 0 F * ! HOW I N H I - R E S R A N G E 3 
A B S O L U T E 1 0 + i 

--> 

? P H . S C A L E ! - - - Y - C C Q R D 3 
P H F O 1 0 . 0 F / 1 5 0 . 0 F * F R O U N D 
A B S O L U T E 1 4 S SWAP - 1 0 + 0 MAX | 

1-58 



= . = . 3 i « = L * * * * * * 5 S • . * * * * * ~ = i = = = 
\H 
U P S I A B L E F I R S T - P O I N T 
-• S E T U P - « R f t P H F I R S T - P O I N T O N 

m . P C K 2 G R A P H I C S i 4 H I T E C O L O R I N V O K E 
1 0 1 0 P O S N 2 7 3 1 0 L I N E 2 7 9 1 5 9 L I ^ E 
1 0 1 5 9 L I N E 1 © 1 0 L I N E < F R A M E ) 
I S © 1 0 DO < S I D E T I C K S > 

1 1 I P O S N 1 3 I L I N E 
2 7 6 I P O S N 2 7 8 I L I N E 

1 5 + L O a ° 1 0 1 0 D O < H 0 R I 2 T I C K S ! 
I 2 8 3 1 0 0 • / 1 0 + DUP 1 1 P O S N DUP 
1 3 L I N E DUP 1 5 6 P O S N 1 5 8 L I N E 

1 © + L O O P 1© 1 DO 1 I 2 * AT 
1 0 I - 1 . R L O O P 
D O S E . I N I T I A L F O A B S O L U T E © © A T . 
D O S E . F I N A L F O A B S O L U T E 6 4 0 A T 5 . R 
2 0 0 AT . " S C A L E 0 - ° D 2 0 0 N O I F 
. " . 1 " E L S E ZOOM O I F . " 1 " E L S E 
. '•• 10" T H E N T H E N 

P R I N T E R O I F . " P R I N T E R " T H E N 
1© S P A C E S D O S E - N A M E . " M O D E L " 
2 0 3 4 C I HOME P R I N T E R O I F 

3 P R * 3 0 E M I T T H E N ? - - > 

K s a a w a s a * . * * * . * * 

\S 

: 7 S T E P < F P l F P 2 - - - F P 3 > F = I F 1 . 0 
E L S E C R . " S T E P ? " I N P U T F * C R T H E N ? 

; R A N G E S T E X T HOME C R C R D O S E - N A M E 
. " MODEl " C R C R 
. " I N I T I A L A L K A L I N I T Y ? " I N P U T F * F D U P 

A L K . I N I T I A L F\R . " F I N A L A L K ? " 
I N P U T F * F D U P A L K . F I N A L F i ? S T E P 

A L K . I N C F l HOME . " I N I T I A L P H ? " I N P U T F * 
C R F D U P P H . I N I T I A L F i . " F I N A L P H ? " 
I N P U T F * F D l ^ P H . F I N A L F i ? S T E P 
P H . I N C F i HOME . " I N I T I A L P H O S P H A T E ? " 
I N P U T F * F D U P P H O S . I N I T I A L F i C R 
. " F I N A L P H O S ? " I N P U T F * F D U P P H O S . F I N A L 
F i ? S T E P P H O S . I N C F i 
HOME . " I N I T I A L D O S E ? " I N P U T F * F D U P 
D O S E . I N I T I A L F i C R . " F I N A L D O S E ? " 
I N P U T F * F D U P D O S E . F I N A L F i ? S T E P 

D O S E . I N C F i HOME ? 

--> 

1 - 5 1 



=,a==l=;=*****«i i . S I ~ = 5 K = 
\E D E S C A L E 

5 3 . 0 F C O N S T A N T S C A L A R 
i S C A L E ( F P N ) 

S C A _ a R F * A B S C 4 . U T E I 

i D E S C A L E < N F P ) 
F L O A T S C A L A R F / ? 

( WE M U L T I P L Y T H E L O O P I N G BOUt^JDS 
B Y A S C A L A R F O R T H E L O O P S E T U P . 
N U L T I P L Y I I I G B Y F I F T Y G I V E S U S 
P R E C I S I O N O F . 0 2 A N B A R A N G E O F 
R O U G H L Y + - S S © ON OUR R A N G E S , W H I C H 
I S J U S T D U C K Y F O R T H I S A P P L I C A T I O N . 

s s a » s « . « . « . 4 t U M L 6 2 • • « . * * * = = i « a w s . 
\T 

V A R I A B L E O L D X V A R I A B L E O L D Y 
t i - P L O T < - - ) 

i - C Y C L E 
P H F O 3 . 0 F > I F 

D O S E . S C A L E 
P S . S C A L E 
F I R S T - P O I N T O 
I F 

2 D U P O L D Y I O L D X \T 
F I R S T - P O I N T O F F 

E L S E O L D X O O L D Y O P O S N 
2 D U P O L D Y i O L D X i L I N E 

T H E N 
T H E N I 

l - e o 



USER INSTRUCTIONS FOR PHOSPHATE PRECIPITATION MODEL 

SET UP 

The phosphate precipitation model i s written for an Apple 11+ or Apple 

He microcomputer with a printer in slot 3, and one disk drive in slo t 

6. 

To s t a r t the program, turn the computer o f f , insert the disk in the 

disk drive and turn the computer on. The disk drive l i g h t should come 

on and the drive whir while the program i s being loaded into memory. 

When the ligh t goes off a help screen w i l l appear on the monitor. 

Select the F e r r i c Chloride or Alum precipitation model by typing ALUM 

or IRON then h i t t i n g the return key. After typing one of these words, 

the value of r (the reaction r a t i o ) i s automatically set to i t s 

appropriate default value: 1.2 for the iron; 1.4 for alum. After 

setting ALUM or IRON, the value of r can be changed to some other 

value u n t i l the next time the program i s booted or u n t i l the next time 

IRON or ALUM i s typed. To do t h i s , type in the new value for r, a 

space, the l e t t e r R, another space, then F!, then the return key. For 

example, t h i s w i l l store 1.5 into R. 

1.5 R F! 

ENTERING DATA 

The next step i s to enter the data for the cases to be run. The 



model needs to know the i n i t i a l a l k a l i n i t y ( i n mg/1 as CaCO^)* i n i t i a l 

pH, i n i t i a l soluble phosphate ( i n mg/1 as P ) , and the coagulant dose 

( i n mg/1 as FeCl^ or Alum). To enter t h i s information type RANGES and 

hi t the return key. 

The program i s set up so that more than one case can be run at one 

time. To do t h i s i t asks for a range of input values and the 

increment between them. For example, after typing RANGES and h i t t i n g 

the return key the program prompts for " I n i t i a l A l k a l i n i t y ? " . Enter 

the lowest value of a l k a l i n i t y that you want to t r y . I t then asks for 

Final A l k a l i n i t y ? " . Enter the highest value of a l k a l i n i t y you want to 

tr y . I t then asks for "Step?". Enter the increment. For example, i f 

you want to look at the range of a l k a l i n i t y between 100 and 200 the 

screen would look l i k e t h i s : 

INITIAL ALKALINITY? 100 

FINAL ALK? 200 

STEP? 10 

I f you want to look at j u s t one a l k a l i n i t y the screen would look l i k e 

t h i s : 

INITIAL ALKALINITY? 100 

FINAL ALK? 100 

STEP? 0 

The procedure i s the same for entering the data for the other inputs. 



I f you enter an incorrect number you can change i t by backspacing and 

reentering before you h i t return. I f you h i t return before you notice 

the error h i t the control key and the reset key at the same time and 

st a r t over. 

CHOOSING OUTPUT FORMAT 

The next step i s to choose the output format. The following options 

are available: 

1. Printed output. 

2. A graph displayed on the screen with a range of soluble phosphate 

residual of: 

a. 0 - 1 0 

b. 0 - 1 

c. 0 - 0.1. 

To enable or disable the printing mode, use: 

PRINTER ON or 

PRINTER OFF 

The program i s set up for a printer in slot 3. When the model i s 

actually run, output w i l l be sent to the printer i f PRINTER has been 

turned ON. 



In normal operation, the horizontal axis of the graph w i l l range from 

a phosphate residual of 0 to a residual of 10. Since i t i s often 

desirable to view the graph more precisely at small doses, the swithes 

ZOOM and DZOOM (double-zoom) can be used to a l t e r the scale from 0 to 

1 (when ZOOM i s on) or from 0 to 0.1 (when DZOOM i s on) To turn on or 

off, use: 

ZOOM ON or 

ZOOM OFF or 

DZOOM ON or 

DZOOM OFF 

Waiting for User Response After Each Graph 

A switch called WAITING e x i s t s in the program so that when i t i s 

turned ON, the microcomputer w i l l wait for the user to press a key 

after each graph or set. To set the state of WAITING, use: 

WAITING ON or 

WAITING OFF 

Plotting 

The program i s set up to always show the re s u l t s plotted on the screen 



as the program i s being run. 

RUNNING THE MODEL 

To s t a r t the model type: 

PLOTTER then h i t the return key. 

HELP 

I f you need further assistance in running the program contact: 

Beverly James 

James Engineering Inc. 

6329 Fairmount Ave. 

El Cerrito, CA 94530 

(415)525-7350. 
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